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Abstract
Basidiomycetous white-rot fungi are the only organisms that can effi ciently decompose 
all the components of wood. Moreover, white-rot fungi possess the ability to mineralize 
recalcitrant lignin polymer with their extracellular, oxidative lignin-modifying enzymes 
(LMEs), i.e. laccase, lignin peroxidase (LiP), manganese peroxidase (MnP), and versatile 
peroxidase (VP). Within one white-rot fungal species LMEs are typically present as 
several isozymes encoded by multiple genes. 
This study focused on two effi cient lignin-degrading white-rot fungal species, 
Phlebia radiata and Dichomitus squalens. Molecular level knowledge of the LMEs 
of the Finnish isolate P. radiata FBCC43 (79, ATCC 64658) was complemented with 
cloning and characterization of a new laccase (Pr-lac2), two new LiP-encoding genes 
(Pr-lip1, Pr-lip4), and Pr-lip3 gene that has been previously described only at cDNA-
level. Also, two laccase-encoding genes (Ds-lac3, Ds-lac4) of D. squalens were cloned 
and characterized for the fi rst time. 
Phylogenetic analysis revealed close evolutionary relationships between the P. 
radiata LiP isozymes. Distinct protein phylogeny for both P. radiata and D. squalens 
laccases suggested different physiological functions for the corresponding enzymes. 
Supplementation of P. radiata liquid culture medium with excess Cu2+ notably increased 
laccase activity and good fungal growth was achieved in complex medium rich with 
organic nitrogen. 
Wood is the natural substrate of lignin-degrading white-rot fungi, supporting 
production of enzymes and metabolites needed for fungal growth and the breakdown 
of lignocellulose. In this work, emphasis was on solid-state wood or wood-containig 
cultures that mimic the natural growth conditions of white-rot fungi. Transcript analyses 
showed that wood promoted expression of all the presently known LME-encoding genes 
of P. radiata and laccase-encoding genes of D. squalens. Expression of the studied 
individual LME-encoding genes of P. radiata and D. squalens was unequal in transcript 
quantities and apparently time-dependent, thus suggesting the importance of several 
distinct LMEs within one fungal species.
In addition to LMEs, white-rot fungi secrete other compounds that are important 
in decomposition of wood and lignin. One of these compounds is oxalic acid, which is 
a common metabolite of wood-rotting fungi. Fungi produce also oxalic-acid degrading 
enzymes of which the most widespread is oxalate decarboxylase (ODC). However, 
the role of ODC in fungi is still ambiguous with propositions from regulation of intra- 
and extracellular oxalic acid levels to a function in primary growth and concomitant 
production of ATP. 
In this study, intracellular ODC activity was detected in four white-rot fungal 
species, and D. squalens showed the highest ODC activity upon exposure to oxalic acid. 
Oxalic acid was the most common organic acid secreted by the ODC-positive white-rot 
fungi and the only organic acid detected in wood cultures. 
The ODC-encoding gene Ds-odc was cloned from two strains of D. squalens showing 
the fi rst characterization of an odc-gene from a white-rot polypore species. Biochemical 
properties of the D. squalens ODC resembled those described for other basidiomycete 
ODCs. However, the translated amino acid sequence of Ds-odc has a novel N-terminal 
primary structure with a repetitive Ala-Ser-rich region of ca 60 amino acid residues in 
length. Expression of the Ds-odc transcripts suggested a constitutive metabolic role for 
the corresponding ODC enzyme. According to the results, it is proposed that ODC may 
have an essential implication for the growth and basic metabolism of wood-decaying 
fungi. 
Tiivistelmä (Abstract in Finnish)
Kantasieniin kuuluvat valkolahosienet ovat ainoita organismeja, jotka hajottavat 
tehokkaasti puun kaikkia komponentteja. Tämän lisäksi ne pystyvät mineralisoimaan 
vaikeasti hajoavaa ligniinipolymeeriä solujensa ulkopuolelle erittyvien, hapettavien 
ligniiniä muokkaavia entsyymien avulla. Näitä entsyymejä, joista valkolahosienet 
tuottavat tyypillisesti useita eri geenien koodaamia isoentsyymejä, ovat lakkaasi, 
ligniiniperoksidaasi (LiP), mangaaniperoksidaasi (MnP) ja versatiiliperoksidaasi (VP). 
Tässä tutkimuksessa keskityttiin kahteen ligniiniä tehokkaasti hajottavaan 
valkolahosieneen: rusorypykkään (Phlebia radiata) ja salokääpään (Dichomitus 
squalens). Molekyylitason tietoa Suomesta eristetyn P. radiata FBCC43 (79, ATCC 
64658) –sienen ligniiniä muokkaavista entsyymeistä täydennettiin kloonaamalla ja 
karakterisoimalla yksi lakkaasi (Pr-lac2) ja kolme lip-geeniä (Pr-lip1, Pr-lip3, Pr-
lip4), joista vain Pr-lip3 on aiemmin kloonattu cDNA:sta. D. squalensista kloonattiin ja 
karakterisoitiin ensimmäisen kerran kaksi lakkaasigeeniä (Ds-lac3, Ds-lac4). 
Fylogeneettinen analyysi osoitti P. radiatan LiP-isoentsyymien olevan evolutiivisesti 
hyvin lähellä toisiaan. P. radiatan ja D. squalensin lakkaasit ovat puolestaan kaukaista 
sukua toisilleen, joten ne saattavat osallistua erilaisiin fysiologisiin toimintoihin. 
Lakkaasiaktiivisuus nousi huomattavasti, kun P. radiatan liemiviljelmiin lisättiin 
ylimäärin Cu2+-ioneja. Sieni kasvoi hyvin ravinteikkaissa, runsaasti orgaanista typpeä 
sisältävissä liemiviljelmissä.
Puu on valkolahosienten luonnollinen kasvualusta, jolla sienet tuottavat kasvuunsa 
ja lignoselluloosan hajottamiseen tarvittavia entsyymejä ja aineenvaihduntatuotteita. 
Tässä työssä valkolahosieniä kasvatettiin puulla ja puuta sisältävillä, luonnollisia 
kasvuolosuhteita jäljittelevillä alustoilla. Transkriptianalyysit osoittivat kaikkien P. 
radiatan tunnettujen ligniiniä muokkaavia entsyymien ja D. squalensin lakkaasien 
ilmentyvän sienten kasvaessa puulla. Yksittäisten P. radiatan lip- ja lakkaasigeenien 
sekä D. squalensin lakkaasigeenien transkriptimäärissä oli eroja kasvun aikana. Näiden 
tulosten perusteella useilla ligniiniä muokkaavilla isoentsyymeillä on tärkeä merkitys 
valkolahosienten kasvaessa puulla. 
Entsyymien lisäksi valkolahosienet erittävät puun ja ligniinin hajotukseen 
osallistuvia yhdisteitä, kuten oksaalihappoa, joka on puuta lahottavien sienten yleinen 
aineenvaihduntatuote. Sienet tuottavat myös oksaalihappoa hajottavia entsyymejä, 
joista yleisin on oksalaattidekarboksylaasi (ODC). ODC:n merkitystä sienissä ei 
toistaiseksi tunneta tarkasti. Entsyymin on ehdotettu säätelevän solunsisäistä ja -ulkoista 
oksaalihappopitoisuutta sekä osallistuvan ATP:n tuottoon. 
Tässä tutkimuksessa solunsisäistä ODC-aktiivisuutta havaittiin neljällä 
uudella valkolahosienikannalla. Korkein ODC-aktiivisuus mitattiin D. squalensilla 
kasvualustoihin tehdyn oksaalihappolisäyksen jälkeen. Oksaalihappo oli ODC:a 
tuottavien sienten yleisimmin erittämä ja ainoa puualustalla havaittu orgaaninen happo. 
Työssä kahdesta D. squalens –kannasta kloonattu odc-geeni on ensimmäinen 
valkolahottajakäävästä kuvattu odc-geeni. D. squalensin ODC oli biokemiallisilta 
ominaisuuksiltaan samankaltainen muista kantasienistä kuvattujen ODC-proteiinien 
kanssa. Ds-odc -geenistä käännetyn aminohapposekvenssin mukaan sen koodaaman 
proteiinin N-terminaalissa on kuitenkin uudenlainen, noin 60 aminohapon pituinen paljon 
alaniinia ja seriiniä sisältävä toistojakso. Ds-odc –geenin ilmentymisen perusteella sen 
koodaamaa entsyymiä tuotetaan konstitutiivisesti. ODC saattaakin olla tärkeä entsyymi 
puuta lahottavien sienten kasvulle ja perusaineenvaihdunnalle. 

11 Introduction
1.1 Wood composition
Wood is a porous plant material made up of various types of xylem cells. Softwoods 
(in gymnosperm trees) consist mainly of long tracheids and smaller ray parenchyma 
cells. Water transport and stem strength are mainly sustained by the dead tracheid 
cells. In addition, longitudinal resin ducts exist (Kuhad et al. 1997). Hardwoods (in 
angiosperm plants and deciduous trees) have more diverse types of xylem cells including 
fi bers, vessels, and ray parenchyma cells. These cells are responsible for support and 
nutrient storage as well as water and nutrient transport between plant roots and the 
photosynthesizing leaves or needles (Eriksson et al. 1990). Wood cell walls, in particular 
the long tracheids and fi bers, consist of several layers which differ in their structure and 
chemical composition (Fig. 1a). The major components of the wood cell walls are three 
biopolymers, namely cellulose, hemicellulose, and lignin (Harris and Stone 2008).
Lignin is an aromatic and amorphous polymer present in all layers of woody cell 
walls. In fi bers and tracheids, the thin middle lamella has the highest lignin content, 
whilst most of the lignin exists in the thick secondary wall layers embedded with 
cellulose microfi brils and hemicellulose (Eriksson et al. 1990). Lignin mechanically 
strengthens vascular plants and aids in water transportation since it physically attaches 
the xylem cells together. At the same time, lignin protects the more easily degradable 
cellulose and hemicellulose polymers from microbial attack. 
The heterogenic lignin polymer is synthesized in the plant xylem cells from 
phenylpropanoid precursors i.e. p-coumaryl, coniferyl, and sinapyl alcohol. During 
lignin biosynthesis these monolignols are polymerized to p-hydroxyphenyl, guaiacyl, 
and syringyl type of lignin subunits by the action of laccases and peroxidases (Higuchi 
2006). Lignin subunits are joined together by diverse carbon-carbon and ether bonds 
of which the β-aryl-ether (β-O-4) bond is the most common (Sjöström 1993). The 
composition and amount of lignin varies between softwood and hardwood, and between 
plant species. The lignin content of softwoods (25-33% of xylem dry weight) consists 
mainly of guaiacyl subunits while hardwood lignins (20-25% of xylem dry weight) 
contain both guaiacyl and syringyl subunits (Adler 1977, Higuchi 2006). In grass plants, 
xylem cell wall lignin also contains p-hydroxyphenyl subunits and e.g. esterifi ed ferulic 
acid (Eriksson et al. 1990, Hatfi eld et al. 1999). Knowledge of the chemical structure 
of diverse plant lignins is still incomplete, although several lignin models have been 
presented (Fig. 1b). 
Most wood species contain approximately 40-45% (as dry weight) cellulose which 
is the main component of wood (Eriksson et al. 1990). In the linear cellulose polymer, 
repeating glucose units are linked together by β-1,4-glucosidic bonds and the degree of 
polymerization is up to about 15000 glucose units within one polymeric chain (Kuhad 
et al. 1997). In wood cell wall the long, contiguous cellulose chains are stabilized by 
hydrogen bonds into microfi brils and further into cellulose fi bers. The majority of 
cellulose is situated in the thick S2 layer of xylem secondary wall (Fig. 1a) where its 
fi brillous structure gives mechanical strength to wood (Argyropoulos and Menachem 
1997). Usually, the highly organized crystalline cellulose dominates whereas only a 
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2small portion exists as amorphous non-organized cellulose which is more susceptible to 
enzymatic degradation (Kuhad et al. 1997).
Hemicelluloses are a diverse group of branched heteropolysaccharides consisting 
of different hexose, pentose, and sugar acid units. Most of the hemicelluloses act as 
a supporting material and usually comprise 20-30% of wood dry weight (Sjöström 
1993). Hemicelluloses are amorphous and have a moderate degree of polymerization 
(100-200 units) and thus are more easily biodegradable than cellulose. The composition 
and structure of hemicelluloses differ in softwood and hardwood: galactoglucomannans 
are the main hemicelluloses in softwood while glucuronoxylan dominates in hardwood 
(Eriksson et al. 1990). In the woody cell walls, hemicelluloses are bound to cellulose 
microfi brils via hydrogen bonds. Hemicelluloses and lignins are covalently linked 
forming the so called lignin-hemicellulose matrix (Fig. 1a, Kuhad et al. 1997, Harris and 
Stone 2008). 
Depending on the wood species, 2-5% of the wood dry weight is made up of 
extractives (Sjöström and Westermark 1998). Extractives are non-structural constituents 
of wood. They may be broadly divided into terpenes, resins, and phenols (Kuhad et al. 
1997). These various organic compounds have several roles, acting as a nutrition reserve 
for the living wood cells as well as giving protection against microbial degradation 
(Sjöström 1993). In addition, low amounts of proteins and inorganic compounds are 
present in the wood (Fengel and Wegener 1989).
Figure 1. A) Composition of wood showing 1) tracheids, 2) wood cell wall layers, 3) distribution 
of lignin-hemicellulose matrix (black), hemicellulose (white) and cellulose (grey) in the secondary 
cell wall. ML: middle lamella, P: primary wall, S1-S3: secondary cell wall layers. Reprinted from 
Eriksson et al. 1990 with kind permission from Springer Science+Business Media. B) Structural 
model of lignin after Brunow et al. 2001. 
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31.2 Wood degradation by fungi
Wood, being poor in nutrients other than organic carbon, is a demanding growth 
environment for microorganisms. In addition, the lignocellulose complex effi ciently 
hinders the access of microbes and their enzymes into wood cell walls. Other wood 
components, such as extractives, also restrict the growth of many microbes. Of all 
organisms, fungi are the most powerful degraders of the wood polymers (Eriksson et al. 
1990, Carlile et al. 2001). As vascular plants form the vast reservoir of photosynthetically 
fi xed carbon on earth, wood-decaying fungi have enormous ecological impact on the 
global carbon cycling. 
Three different types of wood decay caused by fungi can be distinguished: white-
rot, brown-rot, and soft-rot (Eriksson et al. 1990). Basidiomycetous white-rot fungi 
are saprotrophs mostly living on dead wood. White-rot fungi have a unique ability to 
effi ciently mineralize lignin to CO2 with their oxidative lignin-modifying enzymes 
(LMEs) (Kirk and Farrell 1987, Hatakka 2001, Hammel and Cullen 2008). Also wood-
colonizing ascomycetous fungi are capable of mineralizing lignin to some extent (Liers 
et al. 2006). Basidiomycetous litter-decomposing fungi have been reported to mineralize 
lignin as well, but their growth and degradation capacity is usually restricted to the soil 
environment (Steffen 2003).
Following the action of white-rot fungi, the decayed wood is characteristically white 
and fi bre-like. Most white-rot fungi are able to degrade all the wood polymers. However, 
there are so called selective white-rot fungi which preferentially degrade lignin and 
hemicellulose leaving cellulose polymer almost intact (Eriksson et al. 1990, Kuhad et 
al. 1997). These species include e.g. Dichomitus squalens, Physisporinus rivulosus, and 
Ceriporiopsis subvermispora (Hakala et al. 2004, Fackler et al. 2006). The model white-
rot fungus, Phanerochaete chrysosporium (Martinez et al. 2004), is effi cient in wood 
and lignocellulose decay but less selective for depolymerization of lignin over cellulose 
utilization (Hatakka and Uusi-Rauva 1983, Akhtar et al. 1997, Hatakka 2001, Hakala et 
al. 2004). 
Another group of wood-decaying basidiomycetes is the brown-rot fungi which 
rapidly depolymerize cellulose in the early stage of wood decay. As wood polysaccharides 
are degraded and some modifi cation of lignin occurs, mostly by demethoxylation, the 
decayed wood remains brown and has lost its strength (Akhtar et al. 1997, Hammel 
1997). The mechanisms which brown-rot fungi use in cellulose degradation are still 
poorly understood, and the fi rst brown-rot fungal genome sequenced (Postia placenta) 
(Martinez et al. 2009) has offered new insights into future studies on the decomposition 
of wood polysaccharides. 
Some ascomycetes (e.g. Trichoderma and Xylaria species) cause a third type of 
wood-rot known as soft-rot. These fungi typically attack wood in wet environments. 
As a result of soft-rot, cavities or complete erosion of tracheid secondary cell walls is 
detected, and the decayed wood loses its mechanical strength due to cellulose breakdown 
(Akhtar et al. 1997, Carlile et al. 2001). Some ascomycetes, so called sap-staining fungi, 
degrade mainly wood extractives. These species are primary wood colonizers that 
characteristically discolour the sapwood with their dark pigmented hyphae, which leads 
to mainly cosmetic rather than structural damage (Breuil et al. 1998).
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41.3 Lignin-modifying enzymes
Lignin-modifying enzymes (LMEs) considered to be involved in lignin biodegradation 
include oxidative enzymes that catalyze unspecific reactions, i.e. laccase 
(benzenediol:oxygen oxidoreductase, EC 1.10.3.2), lignin peroxidase (LiP, diarylpropane 
peroxidase, EC 1.11.1.14), manganese peroxidase (MnP, EC 1.11.1.13), and versatile 
peroxidase (VP, EC 1.11.1.16) (Martínez 2002, Hammel and Cullen 2008). Also several 
H2O2-generating enzymes such as aryl alcohol oxidase (AAO, EC 1.1.3.7), glyoxal 
oxidase (GLOX), and pyranose-2 oxidase (EC 1.1.3.10) are regarded as members of 
white-rot fungal lignin-degrading machinery (Lundell 1993, de Jong et al. 1994, Kersten 
and Cullen 2007). Recently, oxidases potentially involved in the degradation of lignin 
and related aromatic compounds have been classifi ed into enzyme families according 
to their protein sequence and biochemical properties, and integrated into FOLy (Fungal 
Oxidative Lignin enzymes) database (Levasseur et al. 2008).
LMEs generate by oxidative reactions highly reactive free radicals due to which 
degradation of lignin by white-rot fungi is known as “enzymatic combustion” (Kirk and 
Farrell 1987). LMEs are expressed by white-rot and litter-decomposing fungi in different 
combinations (Hatakka 1994, 2001) and typically, several LME isozymes are encoded 
by multiple genes and their alleles within one fungal species (Martinez et al. 2004, 
Kersten and Cullen 2007, Pezzella et al. 2009). It has been considered that the multiple, 
structurally related LME-encoding genes and heterogeneity of their regulation can 
provide fl exibility which white-rot fungi need for adaptation to for example, changing 
environmental conditions and during growth on different wood species (Conesa et al. 
2002, Kersten and Cullen 2007). On the other hand, this genetic diversity may barely 
represent functional redundancy (Hammel and Cullen 2008).
Current knowledge of lignin-degradation supports the view that lignin is 
depolymerized outside the fungal hyphae by the combined oxidative action of LMEs, 
oxygen radicals, and small metabolites after which at least some of the resulting 
fragments are mineralized intracellularly (Lundell 1993, Hofrichter et al. 1999b, Kapich 
et al. 1999, Hatakka 2001, Hammel and Cullen 2008). The importance of lignin-
modifying peroxidases and H2O2 production in lignin breakdown has been highlighted in 
recent transcriptome and proteome studies of the white-rot model fungus Phanerochaete 
chrysosporium (Sato et al. 2009, Vanden Wymelenberg et al. 2009). During the growth 
of P. chrysosporium in nutrient limited liquid cultures that mimic lignin-degrading 
conditions the increased expression of LiPs, MnPs, and various extracellular oxidases 
was observed (Vanden Wymelenberg et al. 2009). On the stationary wood cultures, P. 
chrysosporium genes encoding LiPs and alcohol oxidase were reported to be highly 
expressed (Sato et al. 2009).
In addition to this, the whole genome sequence of P. chrysosporium revealed a 
large number of putative genes encoding extracellular oxidative enzymes which can also 
be connected to lignocellulose degradation (Martinez et al. 2004, Kersten and Cullen 
2007). The transcriptome and secretome analyses under lignin-degrading conditions 
have showed a set of expressed genes and secreted proteins of P. chrysosporium with 
unknown function (Sato et al. 2009, Vanden Wymelenberg et al. 2009). These data 
suggest that the whole complexity of the white-rot fungal process of lignin degradation 
is yet to be unraveled. 
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51.3.1 Lignin-modifying peroxidases 
Lignin-modifying heme peroxidases (lignin peroxidase, LiP; manganese peroxidase, 
MnP; versatile peroxidase, VP) are extracellular glycoproteins that belong to the class II 
heme-containing, fungal secretory peroxidases within the plant peroxidase superfamily 
(Welinder 1992, Martínez 2002). The class II peroxidases are structurally related globular 
proteins predominantly consisting of 11-12 α-helixes divided to two domains. These 
peroxidases carry Fe-containing heme (protoporphyrin IX) as their prosthetic group 
coordinated by two highly conserved histidine residues (distal and proximal histidines) 
in a central cavity between the two domains (Martínez 2002). 
Recently, the signifi cance of lignin-modifying peroxidases in lignin degradation has 
been supported by comparison of the genomes of Phanerochaete chrysosporium, a model 
white-rot fungus for lignin degradation (Martinez et al. 2004), and Postia placenta, 
which has become a model brown-rot fungus for wood polysaccharide degradation 
(Martinez et al. 2009). The haploid genome of P. chrysosporium strain RP78, derived 
from dicaryotic strain BKM-F-1767 (ATCC 24725), contains multiple lignin-modifying-
peroxidase-encoding genes (10 lip and 5 mnp genes). In contrast, the dicaryotic genome 
of P. placenta totally lacks lignin-modifying-peroxidase-encoding genes, and contains 
only one putative class II-fungal secretory peroxidase-encoding gene. This P. placenta 
peroxidase gene possibly encodes a low-redox potential type of peroxidase related to the 
CIP-enzyme of the basidiomycete Coprinopsis cinerea (Coprinus cinereus) not capable 
of lignin degradation (Martinez et al. 2009). 
The fi rst class II heme peroxidase gene of a brown-rot fungus was recently cloned 
from Antrodia cinnamomea and the corresponding enzyme was reported to decolorize 
and oxidize some phenolic dyes (Huang et al. 2009). Although A. cinnamomea peroxidase 
may represent a new group of extracellular class II heme peroxidases from previously 
unstudied brown-rot basidiomycetes (Huang et al. 2009), its role in lignin modifi cation 
is still unclear. Preliminary genomic PCR data indicate that also some species of the 
ectomycorrhizal basidiomycetes may possess genes coding for class II heme peroxidases 
(Bödeker et al. 2009). However, so far no lignin-modifying-peroxidase-encoding genes 
have been annotated in the whole genome sequence of the ectomycorrhizal model fungus 
L. bicolor (Martin et al. 2008, Table 4).
1.3.1.1 Occurrence and properties of lignin-modifying peroxidases
Active LiP isozymes, fi rst found in the cultures of P. chrysosporium (Glenn et al. 1983, 
Tien and Kirk 1983), have been described from only a few genera of white-rot fungi 
including Phlebia (e.g. P. radiata and Phlebia (Merulius) tremellosa) (Niku-Paavola 
et al. 1988, Lundell et al. 1990, Vares et al. 1994), Trametes (e.g. T. versicolor and T. 
trogii) (Jönsson et al. 1987, Vares and Hatakka 1997), and Bjerkandera (e.g. B. adusta 
and Bjerkandera sp.) (Heinfl ing et al. 1998, ten Have et al. 1998). 
In contrast, MnPs are widespread among lignin-degrading fungi including both 
white-rot and litter-decomposing basidiomycetous species (Hatakka 2001, Hofrichter 
2002, Steffen et al. 2002, Lankinen et al. 2005). The lignin-modifying peroxidase 
described latest is VP, an enzyme that combines the catalytic properties of LiP and MnP, 
while its 3D structure resembles more LiP than MnP (Martínez 2002). Currently, VPs 
are characterized from two genera, Pleurotus and Bjerkandera, and evidence for their 
production has been reported for Panus, Trametes, and Spongipellis species (reviewed 
by Ruiz-Dueñas et al. 2009). 
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6The molecular masses of the LiP, MnP, and VP proteins vary between 35-48 kDa, 
38-62 kDa, and 42-45 kDa, respectively. White-rot fungal lignin-modifying peroxidases 
have typically acidic pI values of 3.0-4.0 (Mester and Field 1998, Camarero et al. 1999, 
Hatakka 2001), while also neutral MnPs have been detected from litter-decomposing 
fungi (Steffen et al. 2002).
The overall amino acid sequences of fungal class II secretory peroxidases are well 
conserved. For example, two Ca2+-binding sites and eight cysteine residues that form 
four disulfi de bridges are present to stabilize the protein structure and active site (Fig. 
2) (Piontek et al. 1993, Poulos et al. 1993, Petersen et al. 1994, Sundaramoorthy et al. 
1994, Martínez 2002). 
The crystal structure of P. chrysosporium LiP H8 has been described in detail 
(Piontek et al. 1993, Poulos et al. 1993). The outmost residue needed for LiP activity 
is an invariant tryptophan, Trp171 in the isozyme LiPA (LiP H8) of P. chrysosporium. 
Necessity of the residue has been confi rmed by several site-directed mutagenesis studies 
(Doyle et al. 1998, Choinowski et al. 1999, Gold et al. 2000, Mester and Tien 2001). 
Figure 2. 3D model of Phanerochaete chrysosporium lignin peroxidase (LiP415) (Choinowski et 
al. 1999). Secondary structure elements (α- and 310-helices, blue; β-strands, orange arrows), two 
Ca2+ ions (purple spheres), and N- and C-termina are indicated. Heme group with proximal and 
distal histidine residues, four carbohydrate groups, Trp171, and disulfi de bridges (S atoms, yellow 
spheres) are represented as ball and stick models. Reprinted with permission from Elsevier. 
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7This tryptophan residue is situated in an exposed region of the enzyme surface (Fig. 
2) and therefore it is thought to participate in the so-called long-range electron transfer 
from bulky aromatic substrates that cannot directly contact the oxidized heme in the 
active centre of LiP (Doyle et al. 1998). A similar solvent-exposed tryptophan residue is 
conserved in all the cloned VP-encoding genes of Pleurotus and Bjerkandera spp., and it 
is needed for the LiP-like activity of VPs (Martínez 2002, Pérez-Boada et al. 2005).
 
1.3.1.2 Catalytic reactions of lignin-modifying peroxidases
In a H2O2-dependent reaction, LiPs catalyze the initial one-electron oxidation of both 
phenolic and non-phenolic aromatic compounds, including the substructures of lignin, 
and several other substrates like veratryl alcohol (Fig. 3). This leads to C
α
-C
β
 cleavage, 
aromatic ring oxidation, and cleavage reactions within the dimeric lignin-like model 
compounds (Kirk and Farrell 1987, Lundell et al. 1993a, Schoemaker et al. 1994, 
Hammel and Cullen 2008).
MnP catalyzes the specifi c oxidation of Mn2+ to Mn3+ in the presence of H2O2. Mn
3+ 
ions are stabilized in chelated form to perform oxidative reactions that yield organic 
radicals from several phenolic substrates, carboxylic acids, and unsaturated lipids 
(Wariishi et al. 1992, Gold et al. 2000, Hammel and Cullen 2008). The natural chelators 
of Mn3+ are thought to be dicarboxylic acids, e.g. oxalic acid which is a common 
extracellular metabolite of white-rot fungi (Wariishi et al. 1992, Kuan and Tien 1993, 
Dutton and Evans 1996, Galkin et al. 1998). The chelated Mn3+ can diffuse even into 
the intact wood cell wall, the low porosity of which hinders the access from enzyme 
molecules (Blanchette et al. 1997). 
The Mn3+ ions produced in MnP catalysis are not able to directly oxidize non-
phenolic structures that comprise approximately 90% of lignin subunits in wood 
(Hammel and Cullen 2008). This may be avoided by the subsequent reactions of Mn3+, 
which can result with e.g. lipid peroxidation, the radical chain reaction that has been 
shown to generate peroxyl radicals from lipids and also lead to the cleavage of non-
phenolic synthetic lignin (Bao et al. 1994, Jensen et al. 1996, Enoki et al. 1999, Kapich 
et al. 1999). 
VPs share the Mn2+-oxidizing activity with MnPs. Both MnP and VP have three 
conserved acidic amino acid residues, two glutamates and one aspartate, which together 
with one of the heme propionates are involved in Mn2+-binding (Gold et al. 2000, 
Martínez 2002). However, VP has been shown to effi ciently oxidize Mn2+ in the presence 
of only two acidic amino acid residues refl ecting certain differences between these two 
enzymes (Ruiz-Dueñas et al. 2009). 
LiP?P?Fe(III)?? ? ? +?H2O2?? ? ? ? ? ? ?? LiP??P?+?Fe(IV)=O?(compound?I)?? +?H2O?
LiP?P?+?Fe(IV)=O? ? ? ? ? ? +?? AH?? ?? LiP?P?Fe(IV)=O?(compound?II)? ? +??H+? ? +?? A??
LiP?P?Fe(IV)=O? ? +?H+? ? ? +?? AH?? ?? LiP?P?Fe(III)?? ? ? ? ? ? ? ? ? ? ? ? +??H2O?+?? A???
Figure 3. Catalytic reactions of lignin peroxidase (LiP). P = porphyrin, P+ = porphyrin cation 
radical, AH = aromatic compound, A = aromatic radical. During the catalytic cycle, two enzyme 
intermediate states (compound I and II) are detected. Adopted from Choinowski et al. 1999.
Introduction
81.3.1.3 Evolutional relations of lignin-modifying peroxidases
Lignin-modifying peroxidases are evolutionarily closely related and phylogenetic 
analyses divide them into several clearly defined main groups or subfamilies 
discriminated by certain key amino acid residues (Martínez 2002, Hildén et al. 2005, 
Ruiz-Dueñas et al. 2009). The first phylogenetic main cluster includes the typical 
mnp genes that code for proteins with long C-terminal tails and are found in e.g. 
Ceriporiopsis subvermispora, Dichomitus squalens, Phlebia radiata, and Phanerochaete 
chrysosporium. The second main group is formed by short MnPs, from e.g. Trametes 
versicolor and Pleurotus species, and VPs. LiPs are closely related to the short MnP-VP 
group refl ecting similar structural features between the short MnPs and LiPs (Martínez 
2002, Hildén et al. 2005). The third main cluster of fungal class II peroxidases are the 
non-lignin-modifying, CIP-like peroxidases (Hildén et al. 2005). Interestingly, the same 
white-rot fungal species can express functionally similar but evolutionarily divergent 
MnPs as shown with P. radiata (Hildén et al. 2005) and Physisporinus rivulosus (Hakala 
et al. 2006). 
1.3.1.4 Regulation of lignin-modifying peroxidase expression
Expression of the lignin-modifying peroxidases of white-rot fungi is often divergently 
regulated. The effect of different culture conditions and various supplements has been 
thoroughly investigated both at protein and transcript level. Expression of lignin-
modifying peroxidases is commonly triggered e.g. by depletion of nutrients, oxidative 
stress, and heat shock (Stewart et al. 1992, Gold and Alic 1993, Li et al. 1994, Belinky 
et al. 2003). 
Substrate-dependent expression of P. chrysosporium LiP-encoding genes has been 
detected on aspen wood chips (Janse et al. 1998), in defi ned liquid medium (Broda et 
al. 1995, Stewart and Cullen 1999), and in soil cultures (Lamar et al. 1995, Bogan et al. 
1996). Spruce sawdust was shown to have a distinct effect on the transcript levels of P. 
rivulosus mnp genes (Hakala et al. 2006). Disparate regulation of P. radiata lip genes 
on different wood species and Mn2+ was observed in this work (publ. II). In accordance, 
production of P. radiata LiP isozymes has shown to be dependent on the lignocellulose 
materials used as carbon source (Niku-Paavola et al. 1990, Vares et al. 1995). 
Nitrogen concentration (Gold and Alic 1993, Li et al. 1994, Hakala 2007) and 
source, i.e. organic or inorganic nitrogen (Kaal et al. 1993) are factors that affect fungal 
lignin-modifying peroxidase expression. For example, Pleurotus eryngii expresses 
one VP-encoding gene in peptone-containing liquid cultures while two allelic variants 
encoding another VP isozyme are expressed on lignocellulose cultures (Ruiz-Dueñas et 
al. 1999, Camarero et al. 2000). 
Regulation of MnP expression by Mn2+ has been observed repeatedly in white-
rot fungi. The levels of different mnp transcripts vary in response to Mn2+ e.g. in P. 
chrysosporium (Gettemy et al. 1998), Pleurotus ostreatus (Cohen et al. 2001), C. 
subvermispora (Manubens et al. 2003), P. radiata (Hildén et al. 2005), P. rivulosus 
(Hakala et al. 2006), and Phlebia sp. MG-60 (Kamei et al. 2008). Putative metal response 
elements (MREs) are present in the promoter regions of several white-rot fungal mnp 
genes (Gold and Alic 1993, Johansson and Nyman 1996, Gold et al. 2000, Tello et al. 
2000, Hildén et al. 2005) although the functionality of these elements needs still to 
be proven. Also aromatic compounds, such as veratryl alcohol and syringic acid may 
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9promote MnP production in white-rot fungal cultures (Niku-Paavola et al. 1990, Scheel 
et al. 2000, Hofrichter 2002, Manubens et al. 2003, Hakala et al. 2006). 
One fungal species typically harbours several genes for the lignin-modifying 
peroxidases. Close genomic organization of eight LiP and two MnP -encoding genes in 
P. chrysosporium (Martinez et al. 2004) and tandemly arranged LiP and MnP -encoding 
genes in T. versicolor (Johansson and Nyman 1996) have been reported. However, the 
relationship between LME gene clustering and transcriptional regulation is not apparent 
(Stewart and Cullen 1999, Vanden Wymelenberg et al. 2009). 
1.3.2 Laccase 
Laccases catalyze the oxidation of a variety of phenolic compounds with the concomitant 
reduction of molecular oxygen to water. Laccase is one of the oldest known enzyme. 
The activity was originally found in the exudate from the Japanese lacquer tree, Rhus 
vernicifera, over one hundred years ago (Yoshida 1883). 
Laccases belong to the large and diverse superfamily of multicopper oxidases 
(MCOs) (Hoegger et al. 2006). In addition to fungi, similar types of MCOs exist in 
plants, insects, and bacteria (Alexandre and Zhulin 2000, Martins et al. 2002, Mayer and 
Staples 2002, Claus 2004) showing their wide distribution in nature. Phylogenetically, 
MCOs are shown to be classifi ed into true fungal laccases separated e.g. from insect 
laccases, fungal pigment MCOs, fungal ferroxidases, ascorbate oxidases, and plant 
laccase-like MCOs (Hoegger et al. 2006). 
The interest towards fungal laccases has been enormous mostly owing to their 
potential applicability in industrial processes (discussed in section 1.10). The crystal 
structures of laccases from several fungal species are available, e.g. from the ascomycete 
Melanocarpus albomyces (Hakulinen et al. 2002) and the basidiomycetes Coprinopsis 
cinerea (Coprinus cinereus) (Ducros et al. 1998), Trametes versicolor (Bertrand et 
al. 2002, Piontek et al. 2002), Rigidoporus lignosus (Garavaglia et al. 2004), Cerrena 
maxima (Lyashenko et al. 2006), and Lentinus (Panus) tigrinus (Ferraroni et al. 2007). 
1.3.2.1 Biochemical and molecular properties of fungal laccases 
Fungal laccases are mainly extracellular glycoproteins with a carbohydrate content of 
10-30%, a typical molecular mass between 60 and 80 kDa, and an acidic pI value of 
3-6 (Thurston 1994, Baldrian 2006). Typical fungal laccases contain four copper atoms 
located in two centres (T1, T2/T3). The T1 site contains the mononuclear “blue” copper, 
while the T2/T3 site contains one T2 copper and two T3 copper ions (Solomon et al. 
1996, Morozova et al. 2007a). The copper atoms are coordinated by ten conserved 
histidine residues and one conserved cysteine residue. Some “non-blue” fungal laccases 
(Pleurotus ostreatus POXA1w, Phellinus ribis laccase) are reported to harness other 
metals (Zn, Fe, Mn) instead of some of the mentioned copper atoms (Palmieri et al. 1997, 
Min et al. 2001). It is assumed that four electrons are transferred from the T1 reducing-
substrate-binding site to the T2/T3-copper site during redox reactions (Solomon et al. 
1996).  
Laccase proteins are highly conserved at the amino acid sequence level (Fig. 4). 
The conserved amino acid residues are located in four amino acid regions considered 
as fungal laccase signature sequences (L1, L2, L3, L4) (Thurston 1994, Kumar et al. 
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Figure 4. Protein sequences of selected fungal laccases. ClustalW2 (http://www.ebi.ac.uk/Tools/
clustalw2/) alignment illustrated by Jalview (Waterhouse et al. 2009). Colours refer to conserved 
or similar amino acids. Fungi and Uniprot sequence accessions: Phlebia radiata Pr-Lac1 
(X52134), P. radiata Pr-Lac2 (Q0KHD1), Trametes versicolor Tv-LccI (U44851), Pleurotus 
ostreatus Po-Poxa3 (Q96TR4), Agaricus bisporus Ab-Lcc1 (Q12541), Melanocarpus albomyces 
Ma-LAC1 (Q70KY3). Dichomitus squalens Ds-Lac3 and Ds-Lac4, this study.
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2003, Morozova et al. 2007a). These signature sequences also carry amino acid residues 
needed for the maintenance of protein fold. Furthermore, laccases have four substrate-
binding loops revealed by the three-dimensional structure analysis of crystallized 
proteins (Hakulinen et al. 2002, Piontek et al. 2002, Larrondo et al. 2003b, Lyashenko 
et al. 2006). 
1.3.2.2 Roles of fungal laccases 
Fungal laccases are involved in the synthesis of melanin and other pigments, formation 
of fruiting bodies, conidiation, sporulation, and plant pathogenesis (Alexandre and 
Zhulin 2000, Mayer and Staples 2002). Due to their ability to catalyze the unspecifi c 
oxidation of phenolic and, in the presence of charge-transfer mediators, also non-phenolic 
compounds, fungal laccases have been repeatedly connected to lignin degradation. 
The basis of the laccase mediator system is the use of low molecular weight 
compounds that are oxidized by laccase to organic radicals or positively charged 
intermediates which in turn act as redox mediators (Morozova et al. 2007b). The charged 
mediators are capable of oxidizing compounds that are not substrates for laccase and, 
furthermore, it is assumed that they can diffuse away from the fungal hyphae and oxidize 
larger molecules like lignin moieties in wood (Hatakka et al. 2003). 
Examples of the laccase mediator molecules are 2,2’-azinobis-(3-ethylbenzthiazoline-
6-sulphonate (ABTS), 1-hydroxybenzotriazole (HBT), and 3-hydroxyanthranilate 
(3-HAA), of which the last one is found to occur naturally in the cultures of Pycnoporus 
cinnabarinus (Eggert et al. 1996, Morozova et al. 2007b). Also some phenolic lignin 
precursors and degradation products might act as laccase mediators in nature (Camarero 
et al. 2005). 
The function of laccase in lignin degradation is still controversial. Sensu stricto 
laccase-encoding genes were not found in the genome of Phanerochaete chrysosporium 
(Martinez et al. 2004), proving that laccase is not essential for white-rot decay of wood. 
The recent whole genome sequence analysis of Postia placenta revealed for the fi rst 
time the likely presence of true laccases in a brown-rot fungus although their function or 
expression pattern is presently not known (Martinez et al. 2009). 
1.3.2.3 Fungal laccase-encoding genes
Fungi typically produce several laccase isoenzymes encoded by distinct laccase genes 
that have been suggested to be evolved through independent duplication-divergence 
events during evolution (Valderrama et al. 2003). This genetic multiplicity is proposed 
to be related to the diverse biochemical roles of laccase (Morozova et al. 2007a). Also, 
the phylogenetic clustering of fungal laccase sequences is at least partially in accordance 
with the function of the respective enzymes (Hoegger et al. 2006). 
The number of laccase-encoding genes in different fungal species varies enormously. 
The largest taxon-level family of laccase-encoding genes so far identifi ed (17 genes) 
is found in the non-lignin-degrading basidiomycete Coprinopsis cinerea (Kilaru et al. 
2006). In another non-lignin-degrading basidiomycete, the ectomycorrhizal symbiotic 
species Laccaria bicolor, 9 laccase-encoding genes are present (Courty et al. 2009). 
White-rot fungi that have been shown to possess multiple laccase genes belong to 
the genera Pleurotus (Soden and Dobson 2001, Rodríguez et al. 2008, Pezzella et al. 
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2009) and Trametes (Yaver and Golightly 1996, Jönsson et al. 1997, Mansur et al. 
1997, Mikuni and Morohoshi 1997, Cassland and Jönsson 1999, Necochea et al. 2005). 
Spatially close genomic organization of laccase genes has been recognized in Pleurotus 
ostreatus (Pezzella et al. 2009), Agaricus bisporus (Smith et al. 1998), Rhizoctonia 
solani (Wahleithner et al. 1996), and C. cinerea (Kilaru et al. 2006). 
1.3.2.4 Regulation of laccase expression 
Laccase expression in fungal cultures may generally be induced by addition of lignin-
related and other aromatic compounds, e.g. 2,5-xylidine, guaiacol, ferulic acid, veratryl 
alcohol, veratric acid, and syringic acid (Lundell et al. 1990, Collins and Dobson 1997, 
Mansur et al. 1998, D’Souza et al. 1999, Soden and Dobson 2001, Manubens et al. 
2007). For instance, it was early on suggested that some of the laccase isozymes of 
Trametes versicolor are inducible with aromatic compounds while some are so-called 
constitutive laccases (Mosbach 1963, Evans 1985, Rogalski et al. 1990).
Copper is a well-known inducer of laccase activity in fungi. Since the active site of 
laccase contains four copper atoms, the promoting effect of copper on enzyme activity 
may be basically explained at the protein level. For example, soluble copper has been 
found to play a post-transcriptional role in heterologously expressed Ceriporiopsis 
subvermispora laccase by activating the secreted apoprotein (Larrondo et al. 2003a). 
In addition, transcriptional induction of laccase genes by copper has been shown with 
several white-rot fungi, e.g. T. versicolor (Collins and Dobson 1997), C. subvermispora 
(Karahanian et al. 1998), Pleurotus ostreatus (Palmieri et al. 2000), Pleurotus sajor-caju 
(Soden and Dobson 2001), and Trametes pubescens (Galhaup et al. 2002). 
Recently, it was shown that in C. subvermispora, the transcriptional activation of a 
laccase-encoding gene by copper is mediated by an ACE1-like copper-fi st transcription 
factor (Álvarez et al. 2009). Similar putative ACE elements have been recognized in the 
promoter regions of the laccase-encoding gene lac1 of basidiomycete PM1 (Coll et al. 
1993) and lac4 from P. sajor-caju (Soden and Dobson 2003). 
In addition, putative metal response elements (MREs) have been identifi ed within 
many laccase promoter regions (Mansur et al. 1998, Galhaup et al. 2002, Faraco et al. 
2003), although their functionality has not been proven yet. Apart from copper, other 
heavy metal ions (Cd2+, Ag2+, and Hg2+) have been reported as strong inducers of laccase 
activity or expression of laccase transcripts (Karahanian et al. 1998, Baldrian and Gabriel 
2002, Galhaup et al. 2002). Also Mn2+ has been shown to regulate the laccase transcript 
levels in e.g. P. sajor-caju (Soden and Dobson 2001), C. subvermispora (Manubens 
et al. 2007), and Phlebia sp. Nf b19 (former Nematoloma frowardii b19) (Scheel et al. 
2000, Hildén et al. 2008). 
1.4 Fungal degradation of wood polysaccharides 
1.4.1 Enzymatic decomposition of cellulose
In general, white-rot fungi express a set of hydrolytic enzymes for the degradation 
of cellulose. Endoglucanases (endo-1,4-β-glucanases, EC 3.2.1.4) hydrolyze internal 
glycosidic bonds of the cellulose polymer while cellobiohydrolases (exo-1,4-β-
glucanases, EC 3.2.1.91) cleave the ends of cellulose chains resulting in the release of 
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cellobiose. Moreover, cellobiohydrolase I (Cel7A) -type enzymes act on non-reducing 
ends of the cellulose chains, while other cellobiohydrolase II (Cel6A) -type enzymes act 
on reducing ends. β-glucosidases (EC 3.2.1.21) fi nalize the concerted action of cellulases 
by cleaving the released disaccharides to glucose molecules (Baldrian and Valášková 
2008). 
Expression and production of fungal cellulases is controlled by induction and 
repression mechanisms, including carbon catabolite repression (Kuhad et al. 1997). 
For example, the white-rot fungi Phlebia radiata and Dichomitus squalens secrete 
endoglucanases, cellobiohydrolases, and β-glucosidases under cellulose-containing liquid 
cultures. (Rouau and Odier 1986, Rogalski et al. 1993c). Also, a full array of cellulases 
has been identifi ed in the transcriptome and proteome of Phanerochaete chrysosporium, 
both on solid-state wood and in cellulose-grown cultures (Vanden Wymelenberg et al. 
2005, Sato et al. 2007, 2009).
The ascomycete Trichoderma reesei (teleomorph Hypocrea jecorina) is the major 
model fungus for cellulose decomposition and soft-rot type of wood decay. Surprisingly, 
among the ascomycete whole genome sequences, the T. reesei genome reveals the 
smallest set of genes encoding enzymes involved in the decomposition of plant cell 
wall polysaccharides (Martinez et al. 2008). Furthermore, T. reesei harbours even fewer 
cellulolytic and hemicellulolytic enzyme-encoding genes than is recognized in the 
genome of the white-rot basidiomycete P. chrysosporium. Although still hyphothetical, 
effi cient production of cellulases and control of gene expression have been suggested 
to explain the ability of T. reesei to cause powerful breakdown of cellulose and 
hemicellulose in natural lignocelluloses, regardless of the relatively low number of 
carbohydrate-active-enzyme (CAZyme) -encoding genes in the genome (Martinez et al. 
2008). 
Basidiomycetes and ascomycetes produce an additional extracellular enzyme, 
cellobiose dehydrogenase (CDH, EC 1.1.99.18), which oxidizes cellobiose to the 
corresponding lactone. The enzyme is often expressed by white-rot fungi but is so far 
identifi ed only in a single brown-rot fungal species, Coniophora puteana (Hyde and 
Wood 1997, Henriksson et al. 2000). Furthermore, CDH is believed to play a role in 
degradation and modifi cation of cellulose, hemicelluloses, and lignin by generating 
hydroxyl radicals in a Fenton-type reaction (Kremer and Wood 1992, Henriksson et al. 
1995, Mansfi eld et al. 1997). CDH has been shown to be expressed during the growth of 
P. chrysosporium on solid-state wood and cellulose medium (Vanden Wymelenberg et 
al. 2005, Sato et al. 2009) further supporting the role of this particular enzyme in wood 
degradation. 
1.4.2 Non-enzymatic decomposition of cellulose
Wood-decaying fungi, especially brown-rot fungi, are believed to degrade cellulose 
oxidatively by the means of hydroxyl radicals generated in the Fenton reaction (H2O2 + 
Fe2+ + H+ → H2O + Fe
3++ OH). The importance of Fenton chemistry in brown-rot fungal 
wood decay is recently emphasized by the whole genome sequence of Postia placenta, 
which harbours only two putative endoglucanases and several β-glucosidases, and totally 
lacks cellobiohydrolases (Martinez et al. 2009). In contrast, the P. placenta genome 
revealed a large variety of genes potentially involved in the generation of extracellular 
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reactive oxygen species (ROS). Furthermore, transcripts of several genes putatively 
involved in the extracellular generation of Fe2+ and H2O2 were also highly expressed 
during the growth of P. placenta on cellulose media (Martinez et al. 2009). 
Some white-rot fungi produce ROS-quenching metabolites that can prevent the 
oxidative damage caused by active oxygen species. This may furthermore explain why 
these fungi leave wood cellulose more or less intact. In Ganoderma species, amino 
acids, polysaccharides, and methanolic extract from mycelia were observed to act as 
ROS-converting compounds (Yen and Wu 1999, Lee et al. 2001, Tseng et al. 2008). 
Ceriporiopsis subvermispora produces itaconic (ceriporic) acids, which may suppress 
the Fenton reaction leading to diminished cellulose depolymerization (Rahmawati et al. 
2005). 
Various fungal extracellular iron-chelating metabolites, e.g. siderophores and 
glycopeptides are thought to play a role in Fenton chemistry by reducing Fe3+ back to 
Fe2+ (Kuhad et al. 1997, Xu and Goodell 2001). Quinones produced by fungi are also 
able to reduce Fe3+ and contribute to a complete Fenton system in the so-called quinone 
redox cycling (reviewed by Baldrian and Valášková 2008) that has been shown to be 
a signifi cant mechanism for cellulose cleavage in the brown-rot fungus Gloeophyllum 
trabeum (Suzuki et al. 2006). 
Oxalic acid, secreted in relatively high concentrations by brown-rot fungi, is 
also proposed to participate in decomposition of cellulose (Espejo and Agosin 1991, 
Shimada et al. 1997). Oxalic acid strongly chelates Fe3+ into soluble complexes which 
predominate in brown-rot wood decay (Suzuki et al. 2006). Iron can be sequestered 
from Fe3+-oxalate complexes and reduced back to Fe2+ thus promoting the continuation 
of Fenton reaction (Jensen et al. 2001, Xu and Goodell 2001, Varela and Tien 2003). In 
addition, the autooxidation of Fe2+-oxalate complexes can lead to the slow production 
of hydroxyl ions even when quinones are not available (Hyde and Wood 1997, Suzuki 
et al. 2006). On the other hand, abundance of oxalic acid is believed to suppress Fenton 
reaction and protect the fungal hyphae from oxidative damage by scavenging hydroxyl 
ions (Shimada et al. 1994, 1997). 
1.4.3 Decomposition of hemicellulose by basidiomycetous fungi
Due to the heterogeneous structure and organization of hemicellulose, a number of 
different CAZymes are required for its degradation. White-rot fungi secrete various 
glycoside hydrolases that cleave glycosidic bonds in the hemicellulose polymers, as 
well as carbohydrate esterases that hydrolyze ester linkages of acetate and the ferulic 
acid side groups. Carbohydrate esterases include e.g. feruloyl esterases (EC 3.1.1.73) 
which catalyze the hydrolysis of ester bond between arabinose subunits and ferulic acid 
involved in cross-linking of xylan to lignin (Kuhad et al. 1997, Shallom and Sholam 
2003). 
Endo-1,4-β-xylanases (EC 3.2.1.8) and endo-1,4-β-mannanases (EC 3.2.1.78) 
are the two main enzymes degrading the backbone of wood hemicelluloses. Several 
enzymes are responsible for further hydrolysis of the formed oligosaccharides (e.g. 
β-1,4- xylosidase, EC 3.2.1.37) and side groups (e.g. α-L-arabinosidase, EC 3.2.1.55) 
(Kuhad et al. 1997). 
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The recent brown-rot fungal transcriptome and secretome analysis of Postia 
placenta grown on cellulose revealed the expression of several hemicellulases (Martinez 
et al. 2009). Hemicellulase activities in white-rot fungi have been detected for example 
in the cultures of Dichomitus squalens (Rouau and Odier 1986), and have been studied 
in wheat bran cultures of Phlebia radiata (Rogalski et al. 1993a, b). 
In the cultures mimicking lignin-degrading conditions, the Phanerochaete 
chrysosporium secretome has been shown to contain several hemicellulases together 
with LMEs (Vanden Wymelenberg et al. 2006). This may be related to the degradation 
of covalently linked lignin-hemicellulose matrix in the wood cell walls. However, a 
somewhat narrower selection of hemicellulases was shown in the proteome and 
transcriptome studies of P. chrysosporium when the fungus was cultivated on solid-state 
wood (Sato et al. 2007, 2009) as compared to cellulose-containing cultures (Vanden 
Wymelenberg et al. 2005). 
1.5 Fungal low molecular weight compounds and wood degradation
Wood-decaying fungi produce several chemically diverse low molecular weight 
compounds, which have an impact on lignocellulose degradation. Low molecular weight 
compounds, such as phenols synthesized by fungi may be oxidized as substrates by 
the fungal LMEs. In consequence, this may lead to formation of free radicals which 
furthermore transfer oxidative reactivity to the lignocellulose matrix. Low-molecular 
weight compounds may also promote LME activity by stabilizing the reactive oxidants 
formed during enzyme catalytic action. Small organic molecules which readily diffuse 
away from the fungal hyphae are suggested to be important especially in the beginning 
of wood decay since the extracellular LMEs (laccases, LiPs, MnPs, VPs) are too large in 
size in order to penetrate into the intact wood cell walls (Evans et al. 1994, Blanchette et 
al. 1997, Goodell et al. 1997). 
Veratryl (3,4-dimethoxybenzyl) alcohol (VA), which is a substrate for LiP, is 
a natural metabolite of a few white-rot fungi, e.g. Phanerochaete chrysosporium 
(Lundquist and Kirk 1978), Pycnoporus cinnabarinus (Hatakka 1985), and Phlebia 
radiata (Kantelinen et al. 1989). VA cation radical is most likely too short-lived to 
act as a far-diffusing redox-mediator upon LiP-catalysis under natural wood-decaying 
conditions (Candeias and Harvey 1995). However, updated with the current knowledge 
of the LiP 3D structure, VA is oxidized by LiP at a very specifi c site (i.e. exposed 
tryptophan residue) on the enzyme surface (Choinowski et al. 1999, Mester and Tien 
2001, Johjima et al. 2002, Sollewijn Gelpke et al. 2002), which does not rule out the role 
of VA as a potential protector of LiP from an inactivation caused by H2O2. In addition 
to LiP, the fungal H2O2-producing enzyme aryl-alcohol oxidase (AAO) may use VA 
as a reducing substrate (Ferreira et al. 2005). In the case of laccase, the natural redox-
mediator is also an aromatic compound, 3-hydroxyanthranilate (3-HAA), which is found 
to occur in the cultures of P. cinnabarinus (Eggert et al. 1996). 3-HAA expands the 
oxidation capacity of laccase to non-phenolic and polymeric compounds.
Cultures of many white-rot fungi including Bjerkandera adusta, Pleurotus 
pulmonarius, and Phlebia radiata become accumulated with fatty acids generated by the 
fungus (Gutiérrez et al. 2002). Unsaturated fatty acids participate in MnP-catalyzed lipid 
peroxidation reactions resulting with oxidation and even carbon-carbon bond cleavage 
of non-phenolic lignin substructures (Bao et al. 1994, Kapich et al. 1999). 
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Involvement of phospholipids and membrane-released fatty acids may have a 
versatile regulatory impact on fungal decay of wood and lignocellulose. Several alkyl- 
and alkenylitaconic acids (ceriporic acids), produced by the selective lignin-degrading 
white-rot fungus Ceriporiopsis subvermispora were shown to repress Fenton reaction 
and concomitantly diminish depolymerization of cellulose (Enoki et al. 2002, Amirta 
et al. 2003, Rahmawati et al. 2005). Quenching of cellulose degradation may in turn 
explain why this fungus leaves most of the wood cellulose intact while decaying lignin 
and hemicelluloses (Akhtar et al. 1997, Fackler et al. 2006).
White- and brown-rot fungi produce various iron-chelating compounds, e.g. 
glycopeptides, siderophores, oxalic acid, phenolates, and other monomeric aromatic 
compounds which are important for example in Fenton-type reactions (discussed in 
section 1.4.2). Oxalic and other carboxylic acids are generally secreted metabolites of 
fungi, and diverse functions of oxalic acid in wood degradation are discussed in the 
section 1.6.1.2.
1.6 Organic acids secreted by wood-decaying fungi
Wood-decaying fungi typically acidify their growth environment quickly by secreting 
organic acids. Several organic acids have been detected on defi ned liquid media and in 
lignocellulose-containing cultures of white-rot fungi. Oxalic acid is the most commonly 
secreted fungal acid (Table 1). In brown-rot fungi, production of other organic acids 
than oxalate has not so far been reported. The amount and diversity of organic acid 
production vary between fungal species, and secretion of carboxylic acids depends on 
the cultivation conditions (Galkin et al. 1998, Aguiar et al. 2006, publ. III). Organic 
acids originating from e.g. tricarboxylic (TCA) cycle are secreted as waste compounds 
of fungal cellular metabolism. The smallest organic acids, such as formic and oxalic 
acid, may also accumulate in fungal cultures as by-products of the cleavage of lignin 
substructures, such as side-chains and aromatic rings (Umezawa and Higuchi 1987, 
Hofrichter 2002). 
1.6.1 Oxalic acid  
Oxalic acid is a compound that is toxic to almost all organisms. It is the strongest 
dicarboxylic acid and has two pKa values at 1.23 and 4.26. Oxalic acid is a major 
chelator of metal cations, e.g. Fe2+, Mn2+, Ca2+, and Al3+, and participates in various 
environmental and biological processes. Interestingly, oxalic acid plays several important 
roles in fungal growth and metabolism and is also connected to biological mechanisms 
underlying fungal pathogenesis (reviewed by Dutton and Evans 1996). 
1.6.1.1 Fungal synthesis of oxalic acid
Fungi synthesize oxalic acid as a metabolic waste compound through the TCA cycle 
in mitochondria and by the so called glyoxylate cycle that operates in glyoxysomes 
(Dutton and Evans 1996, Munir et al. 2001b). More recently, the glyoxylate cycle 
has been proposed to take place in other organelles, the peroxisomes, after the studies 
of the brown-rot fungus, Fomitopsis (Tyromyces) palustris (Sakai et al. 2006). The 
biosynthesis of oxalic acid is catalyzed by the intracellular enzymes oxaloacetase (EC 
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3.7.1.1) (Akamatsu et al. 1993), glyoxylate oxidase (Akamatsu and Shimada 1994), and 
cytochrome c-dependent glyoxylate dehydrogenase (Tokimatsu et al. 1998). 
Carbon catabolite repression of the glyoxylate cycle by glucose that is typically 
observed in bacteria does not seem to operate in wood-rotting basidiomycetes, thereby 
allowing fungi to secrete substantial amounts of oxalic acid (Munir et al. 2001b). A 
unique metabolic linkage between the TCA and glyoxylate cycles has been shown to be 
central in the oxalic acid biosynthesis of F. palustris (Munir et al. 2001a) and the brown-
rot model fungus Postia placenta (Martinez et al. 2009). Furthermore, this metabolic 
shunt has been proposed to be a general feature of wood-rotting fungi, a means of 
acquiring energy for growth during wood decay by oxidizing released glucose to oxalic 
acid (Munir et al. 2001a). In contrast to this hypothesis, exposure of the white-rot fungus 
Phanerochaete chrysosporium to vanillin that is structurally related to lignin subunits, 
caused a drastic change from glyoxylate cycle to TCA cycle, and a fl ow of TCA cycle 
metabolites into the heme biosynthesis pathway was observed (Shimizu et al. 2005). 
1.6.1.2 Roles of fungal-produced oxalic acid
Fungal species belonging to Ascomycota, Basidiomycota, and Zygomycota are known 
to secrete considerable quantities of oxalic acid. Factors that affect the fungal production 
of oxalic acid include carbon and nitrogen sources, and pH of the growth environment 
(Dutton and Evans 1996). Several plant pathogenic fungi secrete oxalic acid to aid in 
defeating their host plant. In fact, oxalic acid secretion by Sclerotinia sclerotiorum was 
reported to induce a programmed cell death response in plant tissue (Kim et al. 2008a). 
Calcium oxalate crystals formed by fungi are frequently found in decayed wood and 
in soil (Hintikka et al. 1979, Dutton et al. 1993). Oxalic acid may sequester Ca2+ from 
the middle lamella of plant cell wall resulting with calcium oxalate crystal formation 
(Traquiar 1987). During wood decay, this can lead to increased pore size within the 
wood tracheids and fi bers, which facilitates penetration of fungal extracellular enzymes 
into the inner layers of wood cell walls (Kuan and Tien 1993, Dutton et al. 1993).
Oxalic acid may inhibit the growth of more sensitive fungi, thus having an impact 
on competition between fungal species. For plant pathogenic fungi, secretion of oxalic 
acid is one of the factors promoting hyphal penetration and weakening of host defence. 
Secretion of oxalic acid by litter-decomposing and mycorrhizal fungi also increases the 
availability of soil nutrients (Dutton and Evans 1996). Leaching by oxalate has been 
shown to have an important role in solubilization of radioactive uranium oxides (Fomina 
et al. 2007). On the other hand, fungi can tolerate high environmental concentrations of 
toxic metals by secreting oxalic acid for chelation of cationic metals into insoluble form 
(Sayer and Gadd 1997, Jarosz-Wilkolazka and Graz 2006).
Oxalic acid is a common metabolic product of wood-rotting fungi, including 
both white- and brown-rot fungal species (Kuan and Tien 1993, Galkin et al. 1998, 
Urzúa et al. 1998, Green and Clausen 2003, Hakala et al. 2005, Aguiar et al. 2006, 
publ. III). White-rot fungi typically accumulate oxalic acid to their growth medium in 
millimolar quantities whereas in the cultures of brown-rot fungi, even several ten folds 
higher oxalic acid quantities are often detected (Espejo and Agosin 1991, Dutton et al. 
1993). Previously, such high concentrations of oxalic acid were explained by the lack 
of oxalate decarboxylase (ODC) enzyme in the brown-rot fungi. However, at least in 
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Postia placenta, production and expression of ODC has been shown (Micales 1997, 
Martinez 2009). Fungal ODCs and their distribution in fungi are discussed in detail in 
section 1.6.3. 
One explanation for the production of substantial amounts of oxalic acid by 
cellulose-degrading brown-rot fungi is the fact that wood as growth substrate is rich with 
carbon and scarce with nitrogen (Eaton and Hale 1993). By secreting oxalic acid the 
wood-decaying fungi can get rid of the excess wood carbon and keep their nutritional 
C/N ratio in balance (Shimada et al. 1997). Also, the difference in accumulation of 
extracellular oxalic acid between brown- and white-rot fungi may be a result of the 
lignin-degrading activity of white-rot fungi in which oxalic acid is consumed (Urzúa et 
al. 1998). 
A number of roles for oxalic acid in fungal degradation and conversion of lignin 
have been proposed. Oxalic acid lowers the pH of fungal extracellular environment to 
the optimal levels (pH 2-5) that are usually needed for the activity of LMEs. Popp et 
al. (1990) demonstrated that oxalic acid is capable of mediating the oxidation of Mn2+ 
to Mn3+ via LiP and veratryl alcohol, thus enabling the oxidation of compounds that 
are not preferred substrates or directly oxidized by LiP. On the other hand, oxalic acid 
may also inhibit the LiP-catalyzed oxidation of veratryl alcohol (Akamatsu et al. 1990, 
Popp et al. 1990, Ma et al. 1992). Physiological concentrations of oxalic acid have been 
shown to stimulate MnP activity by chelating unstable Mn3+ (Kuan and Tien 1993). 
MnP can generate H2O2 by oxidation of oxalic and also glyoxylic acid thus providing an 
endogenous source for extracellular H2O2 (Urzúa et al. 1998).
 During biopulping process with Ceriporiopsis subvermispora the oxalic acid 
secreted by the fungus forms oxalate esters that contribute to the softening of wood 
fi bers (Hunt et al. 2004). The same mechanism has been suggested to be involved in 
naturally occurring white-rot decay process (Hunt et al. 2004). Oxalic acid is also shown 
to contribute to the decrease of wood carbohydrate content (Espejo and Agosin 1991, 
Shimada et al. 1994, Suzuki et al. 2006). As an indication, the brown-rot model fungus 
Postia placenta accumulates oxalic acid when colonizing wood, whereas non-decay 
isolate of P. placenta is unable to secrete oxalic acid (Micales 1997). The role of oxalic 
acid in cellulose degradation is discussed more in detail in section 1.4.2.
1.6.2 Oxalic-acid degrading enzymes
Three types of enzymes that catalyze oxalic acid degradation have been described from 
microbes and plants: oxalate decarboxylases (ODC, EC 4.1.1.2), oxalate oxidases (OXO, 
EC 1.2.3.4), and oxalyl-CoA decarboxylases (OXC, EC 4.1.1.8) (Fig. 5) (reviewed by 
Svedružić et al. 2005). ODC, isolated from fungi and bacteria, decomposes oxalic acid 
to formic acid and CO2 via electron withdrawal in a very specifi c single-step reaction 
(Fig. 5a). The enzyme contains catalytical Mn2+ ions and requires O2 for catalysis, 
although the overall reaction does not stoichiometrically utilize oxygen (Fig. 6a) (Just 
et al. 2004). 
The evolutionarily closely related enzyme, OXO, is oxidized by O2 but cleaves 
oxalic acid to two CO2 molecules with generation of H2O2 (Fig. 5b). OXO is known 
mainly from plants, and the only two fungal OXOs are from the white-rot fungi 
Ceriporiopsis subvermispora (Aguilar et al. 1999) and Abortiporus biennis (Grąz et 
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al. 2009). In fact, C. subvermispora is the fi rst fungus in which both ODC and OXO 
activities have been detected (Aguilar et al. 1999, Watanabe et al. 2005). 
The third oxalate-cleaving enzyme, OXC, which is a bacterial enzyme, converts 
activated oxalyl-CoA to formyl-CoA and CO2 (Fig. 5c). It has thiamin pyrophosphate 
as a cofactor. A number of bacterial species like Bifi dobacterium lactis, Lactobacillus 
acidophilus, Oxalobacter formigenes, and Thiobacillus novellus use OXC for the 
breakdown of oxalate (Chandra and Shethna 1977, Anatharam et al 1989, Federici et 
al. 2004, Turroni et al. 2007), and the enzyme is connected to oxalate-dependent ATP 
synthesis at least in O. formigenes (Anatharam et al 1989). 
Figure 5. Schematic presentation of oxalate-degrading reactions catalyzed by A) oxalate 
decarboxylase, B) oxalate oxidase, and C) oxalyl-CoA decarboxylase. ThDP, thiamin 
pyrophosphate. The fi gure is modifi ed from Svedružić et al. (2005) and reprinted with permission 
from Elsevier. 
1.6.3 Oxalate decarboxylase
Oxalate decarboxylase (ODC) activity was fi rst described over 50 years ago in the 
mycelial extracts of the white-rot fungi Trametes (Coriolus) hirsutus and Flammulina 
(Collybia) velutipes (Shimazono 1955, Shimazono and Hayaishi 1957). Since then ODC 
activity has been described for several fungal and bacterial species (Table 2). ODCs 
belong to the functionally diverse superfamily of cupin proteins that are present in all the 
three domains of life. Cupin proteins are characterized by similar primary and tertiary 
structure with two conserved histidine-containing, Mn2+-binding motifs separated by an 
intermotif region, which varies in length. The cupin domain forms a conserved protein 
structure with a six-stranded β-barrel fold (Dunwell et al. 2000, 2004, Khuri et al. 2001). 
ODCs have a duplication of the cupin domain and are further classifi ed as members 
of the bicupin subclass thus possessing two distinct Mn2+-binding sites. The functional 
ODC enzyme is shown to be a hexamer comprised of two trimers of bicupin subunits 
(Fig. 6b) (Anand et al. 2002). 
Introduction
22
Table 2. Oxalate decarboxylases (ODC) reported for fungi and bacteria either in the level of 
enzyme activity, gene sequence, or protein.
Organism Enzyme 
activity
Gene(s) Protein Reference
Ascomycetes
Aspergillus niger + +a  n.r.b Emiliani and Bekes 1964
Aspergillus phoenices + +a n.r. Emiliani and Bekes 1964
Myrothecium verrucaria + n.r. n.r. Lillehoj and Smith 1965
Sclerotinia sclerotiorum + n.r. n.r. Magro et al. 1988
Basidiomycetes
Agaricus bisporus + n.r. + Kathiara et al. 2000
Coprinopsis cinerea 
(Coprinus cinereus)
n.r. +c n.r. C. cinereus genome homepage 
(http://www.broad.mit.edu/ 
annotation/genome/coprinus_
cinereus/MultiHome.html)
Ceriporiopsis 
subvermispora
+ n.r. n.r. Watanabe et al. 2005
Dichomitus squalens  + +a + publ. III and IV
Flammulina sp. n.r. +a n.r. Dias et al. 2006
Flammulina velutipes + +a + Mehta and Datta 1991
Gloeophyllum trabeum + n.r. n.r. Micales 1997
Laccaria bicolor
Phanerochaete 
chrysosporium 
n.r.
n.r.
+d
+d
n.r.
+
L. bicolor genome homepage
(http://genome.jgi-psf.org/Lacbi1/
Lacbi1.home.html) 
Sato et al. 2007
Phanerochaete sanquinea + n.r. n.r. publ. III
Pleurotus ostreatus n.r. +d n.r. P. ostreatus genome homepage    
(http://genome.jgipsf.org/
PleosPC15_1/PleosPC15_1. home.
html)
Postia placenta + +d n.r. Micales 1997, Martinez et al. 2009
Schizophyllum commune n.r. +d n.r. S. commune genome homepage 
(http://genome.jgi-psf.org/Schco1/
Schco1.home.html)
Trametes ochracea + n.r. n.r. publ. III
Trametes versicolor + +a + Dutton et al. 1994, Zhu and Hong 
2009, publ. III
Trametes hirsuta + n.r. + Shimazono 1955
Bacteria
Agrobacterium tumefaciens +e + +e Shen et al. 2008
Bacillus subtilis n.r. + + Tanner and Bornemann 2000
Pandorea sp. + n.r. n.r. Jin et al. 2007
Synechocystis sp. PCC 6803 n.r. n.r. + Kurian et al. 2006
Thermotoga maritima n.r. + +e Schwarzenbacher et al. 2004
agene sequence(s) available in nucleotide sequence databases
bn.r. = not reported
cgene sequence(s) available at Broad Institute (http://www.broad.mit.edu/)
dgene sequence(s) available at DOE Joint Genome Institute (http://genome.jgi-psf.org/)
eheterologously produced protein in Escherichia coli
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The most thoroughly studied ODC so far is the bacterial OxdC from Bacillus 
subtilis with high-resolution X-ray crystal structure available (Anand et al. 2002). 
Another crystal structure exists for the putative bacterial ODC of Thermotoga maritima 
(Schwarzenbacher et al. 2004). B. subtilis OxdC is the model enzyme in the catalytic 
mechanism studies of ODC enzymes. In the B. subtilis OxdC, a pentapeptide loop (amino 
acid residues 161-165) contains a specifi c amino acid residue, Glu-162, which forms a 
so called lid structure that controls the enzyme activity, and is shown to determine the 
reaction specifi city (Burrell et al. 2007, Svedružić et al. 2007). 
Conversion of oxalic acid to formic acid is believed to take place in the N-terminal 
domain of B. subtilis OxdC (Just et al. 2004, 2007, Burrell et al. 2007, Svedružić et 
al. 2007) but recent data suggests that both N- and C-terminal domains can catalyze 
the decarboxylation reaction (Moomaw et al. 2009). B. subtilis OxdC is one of the 
most abundant cell wall proteins expressed under acid stress conditions. However, the 
mechanism of translocation of the protein to the bacterial cell wall is unclear since the 
primary sequence lacks N-terminal signal peptide and conserved cell-wall-binding 
domains (Antelmann et al. 2007). In addition, the role of B. subtilis OxdC is still 
poorly understood, although it has been proposed that the enzyme protects bacterial 
cells against low-pH-stress by consuming protons via decarboxylation of oxalic acid, 
in particular in soil where oxalate-rich plant biomass is present (Tanner and Bornemann 
2000, MacLellan et al. 2009).
At both gene and protein level, the currently best-described fungal ODC is from a 
hardwood and litter-decomposing white-rot basidiomycete Flammulina velutipes (Mehta 
and Datta 1991, Kesarwani et al. 2000, Azam et al. 2001, 2002, Chakraborty et al. 2002). 
Within the few other basidiomycetous species from which ODC has been purifi ed and 
characterized, the molecular mass of the ODC bicupin subunit ranges from ca 50 to over 
60 kDa, and the protein shows typically two isoforms with acidic pI values (Table 3). 
Figure 6. A) Proposed catalytic mechanism of oxalate decarboxylase. Modifi ed and reprinted 
from Just et al. (2004) with permission from American Society for Biochemistry and Molecular 
Biology. B) 3D protein model showing the hexameric structure of functional Bacillus subtilis 
ODC (Anand et al. 2002). Two trimeric layers are shown with different colouring and Mn2+ ions 
are depicted with blue spheres. Reprinted with permission from American Chemical Society.
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Recently, the whole genome sequencing and annotation projects have revealed 
several new putative ODC sequences from both bacteria and fungi, but the genes and 
their protein products have remained mostly uncharacterized. For example, annotation 
of the whole genome sequence of Phanerochaete chrysosporium revealed up to seven 
putative ODC-encoding sequences (http://genomeportal.jgi-psf.org/Phchr1/Phchr1.
home.html), and the brown-rot fungus Postia placenta whole genome sequence shows 
three putative ODC-encoding genes and their allelic forms (Martinez et al. 2009). 
Fungal ODCs are considered mainly as intracellular enzymes predominantly located 
close to the plasma membrane and in vesicles (Dutton et al. 1994, Kathiara et al. 2000). 
However, small amount of ODC protein and active enzyme was observed to be secreted 
either to the fungal cell wall and extracellular polysaccharide layers, or to culture 
medium (Dutton et al. 1994, Micales 1997, Kathiara et al. 2000, Sato et al. 2007). 
F. velutipes ODC contains a functional N-teminal secretion signal sequence (Azam 
et al. 2002) and a putative secretion signal is similarly present in the primary amino 
acid sequence of P. chrysosporium ODC (Sato et al. 2007). In addition to the liquid 
cultivations, extracellular ODC from P. chrysosporium (Sato et al. 2007) and intra- and 
extracellular ODC from Trametes versicolor (Dutton et al. 1994) have been detected 
from solid-state cultures of red oak and beech wood, respectively.
Earlier, the main role of fungal ODCs has been assumed to be controlling of the 
intracellular levels and the secretion of oxalic acid. Secondly, ODC has been proposed to 
maintain steady pH levels and oxalate anions outside the fungal hyphae by decomposing 
extracellular oxalic acid (Micales 1997). More recently, ODC has been proposed to 
act sequentially with its reaction product, i.e. formic acid, degrading enzyme formate 
dehydrogenase (FDH, EC 1.2.1.2.) inside the fungal cells (Watanabe et al. 2005). FDH, 
which has been shown to operate in higher plants, yeasts, and bacteria, catalyzes NAD+-
dependent, oxidative degradation of formic acid resulting in the formation of CO2 and 
NADH (reviewed by Popov and Lamzin 1994). The produced NADH could thereby be 
used for ATP synthesis during the fungal vegetative growth (Watanabe et al. 2005). A 
corresponding energy-producing mechanism has been described in methanol-utilizing 
yeasts (Popov and Lamzin 1994). In basidiomycetes, this hypothesis is supported by 
recent results from the brown-rot fungus P. placenta that showed simultaneous up-
regulation of one putative odc and three fdh genes when grown on cellulose medium 
(Martinez et al. 2009). ODC protein and fdh transcripts have also been detected in P. 
chrysosporium when the fungus is cultivated on solid wood (Sato et al. 2007, 2009). 
Similar enzymatic cooperation is probably common in all the ODC-producing fungi, and 
intracellular FDH activity has in fact been observed in F. velutipes, Trametes versicolor, 
and Schizophyllum commune (Watanabe et al. 2005). The biotechnological applications 
of ODC enzymes are discussed in section 1.10. 
Table 3. Biochemical properties of oxalate decarboxylase (ODC) proteins from basidiomycetous 
fungi. The molecular mass accounts for one bicupin subunit of the active enzyme.
Fungal species Molecular mass (kDa) pI Reference
Agaricus bisporus 64, deglycosylated protein 55 3.0, 3.4 Kathiara et al. 2000
Dichomitus squalens 52-55 2.6, 4.2 publ. IV
Flammulina (Collybia) velutipes 64 2.5, 3.3 Mehta and Datta 1991
Trametes (Coriolus) versicolor 59 2.3, 3.0 Dutton et al. 1994
Phanerochaete chrysosporium 52 nda Sato et al. 2007
anot determined
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1.7 Basidiomycete genomes and lignocellulose decay 
At the moment (August 2009), nine complete genome sequences of different 
basidiomycetous fungal species are available. The representatives of divergent 
basidiomycetous subphyla and order have been among the fi rst fungi selected for whole 
genome sequencing. These include the crop plant pathogens Ustilago maydis (Kämper 
et al. 2006) and Puccinia graminis (http://www.broad.mit. edu/annotation/genome/
puccinia_graminis/MultiHome.html) and the coniferous tree pathogen Heterobasidion 
annosum spp. (http://www.jgi.doe.gov/genome-projects/), which cause remarkable 
economic losses, as well as a human pathogen, Cryptococcus neoformans (Loftus et al. 
2005). Also species which have been studied as model organisms for fungal genetics and 
development, i.e. Coprinopsis cinerea (Coprinus cinereus) and Schizophyllum commune 
have been targets of whole genome sequencing projects (Table 4). 
Current sequencing efforts are turning from yeasts and pathogens to other 
fi lamentous fungi due to their applicability for diverse biotechnological processes, in 
particular in conversion of lignocellulose and plant material for production of biofuels 
and sustainable energy. The whole genome sequence of the ecologically interesting 
ectomycorrhizal symbiotic species Laccaria bicolor has been annotated (Martin et al. 
2008). The fi rst published white-rot fungal and also basidiomycetous whole genome 
sequence was from Phanerochaete chrysosporium (Martinez et al. 2004), and it 
promoted vital progress in the molecular genetics of lignin-degrading white-rot fungi. 
Very recently, genome sequence data of two other wood-colonising, saprobic white-
rot fungi, i.e. S. commune (http://genome.jgi-psf.org/Schco1/Schco1.home.html) and 
Pleurotus ostreatus (http://genome.jgi-psf.org/PleosPC15_1/PleosPC15_1.home.html), 
came available. In addition, the fi rst published whole genome sequence of a brown-
rot fungus, Postia placenta (Martinez et al. 2009), adds up to the pool of fungi which 
have biotechnological interest e.g. for biomass conversion. Table 4 summarizes genomic 
characteristics of the saprobic, wood and soil-inhabiting, and symbiotic basidiomycetes, 
and some of their annotated genes which are relevant to degradation and conversion of 
lignocellulose. 
Present genomic data clearly suggests a specifi c role for the lignin-modifying 
peroxidases (LiPs, MnPs, VPs) in decomposition of lignin since the corresponding 
genes are found solely in the white-rot fungi (Table 4). Laccases are absent from P. 
chrysosporium genome and therefore they might be unessential for lignin degradation. 
Instead, the P. chrysosporium genome contains other types of multicopper oxidases, 
such as Fe-oxidoreductases (Larrondo et al. 2007), which are essential for other cellular 
functions. For laccases, roles in processes other than lignin decay are probable while 
even up to 17 laccase genes are found in the genome of the non-lignin-decaying, soil-
inhabiting basidiomycete C. cinerea (Kilaru et al. 2006). In another non-lignin-degrading 
basidiomycete L. bicolor, 9 laccase-encoding genes have been annotated (Courty et al. 
2009). However, the importance of laccases is emphasized also for lignin-degrading 
white-rot fungi that harbour multiple laccase genes (discussed in section 1.3.2), which 
is further confi rmed by whole genome sequence data from P. ostreatus with 12 putative 
laccase-encoding genes (Table 4). 
On the contrary, the oxalic-acid decaying ODC and formic-acid decaying FDH are 
ubiquitous among the basidiomycetous genomes, which points to a more universal role 
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of these enzymes in fungal physiology. Putative genes coding for ODC and FDH are 
found in all the lignocellulose-converting basidiomycetes so far annotated (Table 4). 
The oxalic-acid degrading enzyme OXO is until now reported from only two fungi, 
Ceriporiopsis subvermispora (Aguilar et al. 1999) and Abortiporus biennis (Grąz et 
al. 2009). The rareness of OXO in fungi is supported by the available whole genome 
sequence of lignocellulose-converting basidiomycetes showing the presence of putative 
OXO-encoding genes only in L. bicolor and S. commune (Table 4). 
According to the current genomic data, strategies for cellulose degradation 
obviously differ between white- and brown-rot fungi. The genome of the brown-rot 
fungus P. placenta harbours several β-glucosidase-encoding genes, but totally lacks 
the type of carbohydrate-active enzymes (CAZymes) that contain cellulose-binding 
modules, and has only two putative endoglucanase-encoding genes (Martinez et al. 
2009). On the contrary, the whole repertoire of multiple cellulose-decomposing enzymes 
(endoglucanases, cellobiohydrolases, β-glucosidases), with and without cellulose-
binding modules, is present in the P. chrysosporium genome (Martinez et al. 2004) 
(Table 4). In this respect, the P. chrysosporium genome resembles that of the effi cient 
cellulose-decaying, soft-rotting ascomycetous fungus Trichoderma reesei (Martinez et 
al. 2008). 
Despite the accumulating genomic data, physiologically related but taxonomically 
divergent white-rot fungal species are still needed to be sequenced in order to reveal 
more of the genetic factors required for effi cient lignin-degradation. With multiple 
whole genome sequences from near- and far-related fungal taxons, comparative genome 
analyses may be carried out to investigate fungal wood-decay strategies. In addition, more 
whole genome sequences of white-rot fungi representing selective and non-selective 
degraders of lignin are needed in order to understand the fundamental differences in 
decomposition of lignocelluloses. The forthcoming whole genome sequence from the 
selective lignin-degrading white-rot fungus Ceriporiopsis subvermispora, the brown-
rot fungus Serpula lacrymans, and the litter-decomposing, edible fungus Agaricus 
bisporus, are currently under refi ning and annotation (http://www.jgi.doe.gov/genome-
projects/). Together with the accumulating whole genome sequence data, novel genetic 
transformation systems for basidiomycetous species together with effi cient and precise 
gene knock-out and silencing systems are needed to untangle the mechanisms of lignin 
and lignocellulose degradation. In fact, encouraging progress in fungal gene silencing 
by RNA interference technique was recently shown in P. chrysosporium (Matityahu et 
al. 2008).
1.8 Phlebia radiata
Phlebia radiata Fr. (“rusorypykkä” in Finnish) is a common white-rot fungus that 
typically grows on dead deciduous trees as a saprotroph (Fig. 7a). P. radiata was 
previously systematically classifi ed to the basidiomycetous family Corticiaceae under the 
order Aphyllophorales (Hibbett and Thorn 2001). It has recent proposed to be positioned 
within a separate Phlebioid clade of the subphylum Agaricomycotina (Binder et al. 2005, 
Hibbett et al. 2007). Molecular analysis of 18S and ITS rDNA have positioned the P. 
radiata strains into a coherent species-level clade near to P. acerina but well separated 
from e.g. P. brevispora, P. tremellosa (Merulius tremellosus), Phlebiopsis gigantea, 
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and Phanerochaete chrysosporium (Nakasone and Sytsma 1993, Dresler-Nurmi et al. 
1999, de Koker et al. 2003, Hildén et al. 2008). Physiologically, P. radiata belongs 
to the rare group of white-rot fungi which express a multitude of extracellular LMEs 
including isozymes of laccases, LiPs, and MnPs (Lundell 1993, Hatakka 1994). Also 
H2O2-producing glyoxal oxidase (GLOX) has been detected in the cultures of P. radiata 
(Lundell 1993, Vares et al. 1995). 
The wood and lignin-decomposing properties of this fungal species and its ability 
to degrade complex aromatic compounds have been the targets of various examinations. 
Special interest has been focused on the effi ciently lignin-degrading, Finnish isolate 
of P. radiata FBCC43 (79, ATCC 64658) (Hatakka and Uusi-Rauva 1983). Table 5 
summarizes the current knowledge of LMEs and LME-encoding genes of the P. radiata 
FBCC43, including the results of the current study and thesis work. 
Table 5. Lignin-modifying enzymes, their biochemical properties, and corresponding genes 
described from Phlebia radiata FBCC43 (isolate 79). 
Enzyme Molecular 
mass (kDa)
pI Corresponding 
gene
Reference
Lignin 
peroxidases
LiP1 38-40 4.1-4.2 Pr-lip1 Niku-Paavola et al. 1988, Lundell 
and Hatakka 1994, publ. I
LiP2 44-45 3.9-4.0 -a Niku-Paavola et al. 1988, Lundell 
and Hatakka 1994, Vares et al. 
1995
LiP3/LIII 44-47 3.2-3.4 Pr-lip3/lgp3 Niku-Paavola et al. 1988, 
Saloheimo et al. 1989, Lundell and 
Hatakka 1994, publ. I
LiP4 -b -b Pr-lip4 publ. I
Manganese 
peroxidases
MnP1 (MnPx) 46-47 4.7-4.9 -a Lundell and Hatakka 1994, 
Moilanen et al. 1996
MnP2 (MnP) 47-50 3.7-3.8 Pr-mnp2 Karhunen et al. 1990a, Lundell 
and Hatakka 1994, Moilanen et al. 
1996, Hildén et al. 2005
MnP3 43-45 3.6 Pr-mnp3 Vares et al. 1995, Moilanen et al. 
1996, Hildén et al. 2005 
Laccases
Laccase1/Lacc1 63-64 3.4-3.5 Pr-lac1 Niku-Paavola et al. 1988, 
Saloheimo et al. 1991, Lundell and 
Hatakka 1994, Vares et al. 1995
Lac2 -b -b Pr-lac2 publ. II
Glyoxal 
oxidases
GLOX1-2 67-68 4.0-4.8 -a Lundell 1993, Vares et al. 1995
agene(s) not characterized
bprotein not characterized
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The ability of P. radiata FBCC43 to effi ciently decompose lignocellulose and 
produce enzymes required for that was studied already in the 1980’s (Hatakka 1986). 
The fungus decomposes spruce wood (Hakala et al. 2004) and converts and mineralizes 
natural-type wood and milled-wood lignins (Hatakka and Uusi-Rauva 1983, Hofrichter 
et al. 2001), synthetic lignins, and various lignin model compounds (Lundell et al. 1990, 
Hatakka et al. 1991, Lundell 1993, Moilanen et al. 1996, Niemenmaa et al. 2006). It 
grows well in artifi cial liquid medium (Lundell et al. 1990, Niku-Paavola et al. 1990, 
Rogalski et al. 1991) and in bioreactors as immobilised mycelium (Kantelinen et al. 
1989, Lankinen et al. 1991), as well as on solid lignocelluloses, such as chipped or milled 
softwood and hardwood (Hakala et al. 2004, Hildén et al. 2005, this study: publications 
I and II) and on wheat straw (Vares et al. 1995). 
Amendment of even small concentration of glucose to the cultures of P. radiata 
FBCC43 reduces cellulose degradation and simultaneously enhances lignin degradation 
(Cho et al. 2009). Also, the degradation of hemicellulose and lignin by the fungus has 
been noticed to be linked together (Cho et al. 2009). Another strain of P. radiata (from 
the culture collection of the Institute of Chemical Engineering, University of Technology, 
Vienna, Austria) signifi cantly reduces the amount of spruce wood lignin during the fi rst 
four days of cultivation indicating that the degradation of lignin occurs already at the 
primary metabolic phase of this species (Fackler et al. 2006).
Of the various LMEs of P. radiata, three LiPs, three MnPs, and one laccase isozyme 
have been isolated and studied at protein level. The purifi ed LiP fractions were shown 
to be efficient biocatalysts with similar biochemical properties as reported for the 
Phanerochaete chrysosporium LiPs (Lundell et al. 1992, 1993b). In particular, the P. 
radiata LiP3 (LIII), which is the dominant LME isozyme expressed by the fungus in 
lignocellulose-containing media (Niku-Paavola et al. 1990), was demonstrated to be an 
effi cient oxidant causing carbon-carbon bond cleavage of a dimeric, non-phenolic lignin 
model compound (Lundell et al. 1993a). 
The partially purifi ed MnP fraction of P. radiata is similarly capable of decomposing 
lignin model compounds via lipid peroxidation (Kapich et al. 1999) and furthermore, the 
species has been shown to produce unsaturated lipids during wood decay (Gutiérrez et 
al. 2002). In agreement with these results, oxidation of the non-phenolic lignin model 
compound by Pr-MnP3 was observed in the presence of pine wood (Hofrichter et al. 
2001). P. radiata produces a number of CAZymes including diverse cellulases and 
hemicellulases (Rogalski et al. 1993a, b, c, 2001, Prendecka et al. 2003, 2007, Mierzwa 
et al. 2005, Table 6) confi rming that this fungus is able to decompose all the major 
components of wood. 
The unspecifi c oxidation ability of the white-rot fungal LMEs, which apparently 
evolved to decompose the complex lignin polymer, may also be exploited e.g. in 
bioremediation applications, to degrade recalcitrant xenobiotics and environmental 
pollutants. The ability of several Phlebia species (e.g. P. radiata, P. brevispora, P. 
tremellosa, and P. lindtneri) to convert and even detoxify a variety of chemical pollutants 
including trichloroanisole (Campoy et al. 2009), trinitrotoluene (Van Aken et al. 1999), 
dioxins (Kamei et al. 2009), polycyclic aromatic hydrocarbons (PAHs) (Mori et al. 
2003), polychlorinated biphenyls (PCBs) (Kamei et al. 2006), and phthalates (Kim et al. 
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2008b) has been reported. These data implicate the usefulness of P. radiata FBCC43 and 
other strains belonging to the genus Phlebia in environmental biotechnology.
 
Table 6. Wood polysaccharide degrading enzymes produced by P. radiata FBCC43 (isolate 79).
Enzyme Molecular 
mass (kDa) 
pI Reference
Cellulases
endo-β-1,4-glucanase, exo-β-1,4-glucanase,   
aryl-β-1,4-glucosidase, β-1,4-glucosidase
-a -a Rogalski et al. 1993c 
Hemicellulases
β-mannosidases 89.5, 100.3, 
104.6
3.8, 4.7, 
4.8
Prendecka et al. 2007
endo-1,4-β-xylanases 15.8, 18.6 4.1, 6.7 Rogalski et al. 2001
β-xylosidase 27 5.9 Rogalski et al. 2001
α-galactosidases 55-64 3.5-7.2 Prendecka et al. 2003
α-D-glucuronidase 110 4.4 Mierzwa et al. 2005
endo-1,4-β-mannanase, exo-1,4-β-
mannanase, α-L-arabinofuranosidase, acetyl 
esterase, ferulic acid esterase
-a -a Rogalski et al. 1993a
anot determined
1.9 Dichomitus squalens
Dichomitus squalens (P. Karst.) D.A. Reid (“salokääpä” in Finnish, synonyme Polyporus 
anceps) is an effective lignin-degrading white-rot basidiomycete. The basidiocarps of 
D. squalens are usually found on old coniferous trunks fallen by storm and on charred 
tree after forest fi re (Fig. 7b) (Niemelä 2005). In Finland, D. squalens has become 
rarer apparently due to more effi cient forest fi re prevention, and it is defi ned as a near-
threatened polypore species (Niemelä 2005). 
D. squalens belongs to the large group of white-rot fungi that express a set of 
laccases and MnPs as their LMEs (Périé and Gold 1991, Hatakka 1994). In various 
studies, it has been shown that different strains of the fungus effi ciently degrade both 
natural and synthetic lignins (Blanchette et al. 1987, Périé and Gold 1991, Lang et al. 
2000, Tuomela et al. 2002) and decompose softwood (spruce) lignin (Hakala et al. 2004, 
Fackler et al. 2006). D. squalens quickly diminishes the amount of spruce wood lignin 
Figure 7. Fruiting body of A) Phlebia radiata (photo:Yu-Cheng Dai) and B) Dichomitus squalens 
(photo: Kari Steffen).
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within the fi rst days of cultivation. This points out to the rapid induction of the lignin-
degrading machinery of the fungus already at the primary growth phase (Fackler et al. 
2006).
Up to four chromatographic forms of extracellular D. squalens laccases have been 
demonstrated in the strains CBS 432.34 (Périé et al. 1998) and CCBAS 750 (Šušla et al. 
2007). Two MnP isozymes of D. squalens CBS 432.34 have been isolated, biochemically 
characterized, and the genes have been cloned (Périé et al. 1996, Li et al. 1999). 
The gene encoding the thermostable MnP of D. squalens, mnp2, was heterologously 
expressed in Phanerochaete chrysosporium (Li et al. 2001). Recently, three additional 
chromatographic isoforms of D. squalens MnP were reported from the strain CCBAS 
750 (Šušla et al. 2008). Table 7 summarizes the existing data of D. squalens LMEs and 
LME-encoding genes. Also cellulase and hemicellulase-degrading enzymes are secreted 
by D. squalens (Rouau and Odier 1986).
D. squalens has been studied due to its possible use in several biotechnological 
applications. D. squalens decomposes lignin selectively, having potential in biopulping, 
i.e. the fungal pretreatment of wood chips prior to paper manufacture with intention to 
reduce the consumption of electricity or chemicals (Blanchette 1984, Fackler et al. 2006). 
In extensive studies, this fungus has been demonstrated to be effective decolourizer 
of various synthetic dyes, which makes D. squalens promising for bioremediation of 
textile waste waters (Gill et al. 2002, Chander et al. 2004, Eichlerová et al. 2005, 2006, 
2007, Chander and Arora 2007, Šušla et al. 2008). Furthermore, purifi ed laccases of D. 
squalens decolorize the anthraquinone dye Remazol Brilliant Blue R without addition of 
redox mediator compounds (Šušla et al. 2007). 
D. squalens degrades toxic compounds like polycyclic aromatic hydrocarbons 
(PAHs) (in der Wiesche et al. 1996, Martens and Zadrazil, 1998) and dibenzo-p-
dioxin (Rosenbrock et al. 1997). The ability of D. squalens (strain CBS 432.34) to 
produce natural fl avour compounds such as benzaldehyde (bitter almond aroma) and 
benzyl alcohol from L-phenylalanine has been noticed (Lapadatescu et al. 1997), and 
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Table 7. Lignin-modifying enzymes, their biochemical properties, and their corresponding genes 
described from Dichomitus squalens. 
Enzyme Molecular 
mass (kDa)
pI Corresponding gene Reference
Manganese peroxidases
MnP1 48 4.1 mnp1 Périé et al. 1996, 
Li et al. 1999
MnP2 48.9 3.8-3.9 mnp2 Périé et al. 1996, 
Li et al. 1999
MnP3-5 50 3.5 -a Šušla et al. 2008
Laccases
Laccases 1 & 2 66 3.5-3.6 -a Périé et al. 1998
Lc1 68 3.2 -a Šušla et al. 2007
Lc2 68 3.1 -a Šušla et al. 2007
Lac3 -b -b Ds-lac3 this work
Lac4 -b -b Ds-lac4 this work
agene(s) not characterized
bprotein not characterized
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the biocidal activity of D. squalens (strain SC0197) sesquiterpenes against pine wood 
nematodes has been reported (Huang et al. 2004).
1.10 White-rot fungi and their enzymes in biotechnological applications 
Several biotechnological applications take advantage of white-rot fungi and their 
LMEs. For example the utilization of fungi in the pulp and paper industry has been 
intensively studied. Biopulping has gained a lot of interest in the past decades (Kirk 
and Chang 1990, Akhtar et al. 1997). Selectively lignin-degrading white-rot fungi, e.g. 
Ceriporiopsis subvermispora, Physisporinus rivulosus, and Dichomitus squalens, have 
been regarded as the most suitable organisms for biopulping, to minimize cellulose loss 
during the fungal pretreatment (Blanchette 1984, Hakala 2007). 
The direct use of white-rot fungal LMEs in pulp and paper industry could result 
in easier optimization and applicability as compared to fungal treatment. For example 
the use of MnP has been demonstrated to improve pulp bleaching (Moreira et al. 2003, 
Feijoo et al. 2008) and decrease consumption of refi ning energy (Maijala et al. 2008) 
during paper manufacturing. 
The unspecifi c nature and high redox potential of the lignin-modifying peroxidases 
(LiPs, MnPs, VPs) enable them to convert various recalcitrant compounds. Therefore 
lignin-modifying peroxidases have been extensively studied in bioremediation of e.g. 
soil and industrial effl uents contaminated with various harmful compounds of natural 
and anthropogenic origin (reviewed by Hofrichter 2002, Husain 2006, Raghukumar et al. 
2008, and Haritash and Kaushik 2009). However, the industrial use of fungal peroxidases 
is still hindered by their high cost and low yields so far gained using heterologous 
expression systems. Also the limited availability and low stability of the enzymes as 
well as their inactivation by H2O2 and elevated temperatures are problems in large-scale 
production and in industrial applications (reviewed by Martínez et al. 2009). 
Laccases, with prospects in diverse industrial areas, are the most studied fungal 
oxidoreductases for biotechnological applications. Laccases have potential e.g. in food 
industry to improve dough properties, and in cosmetic industry laccases may be added in 
products intended for skin lightening and hair dyeing. In biotechnological applications 
laccases have potential as biosensors and as enzyme-electrodes in biofuel cells (reviewed 
by Couto and Toca Herrera 2007). Attention is paid also to the exploitation of laccases 
in synthesis of new biomaterials and polymers (reviewed by Mikolasch and Schauer 
2009). 
In forest products industry, laccases could be used in biografting of low molecular 
weight compounds onto lignocellulosic materials, and in cross-linking of fi bers and lignin 
moieties for the production of wood composite products (Widsten and Kandelbauer 
2008a). Furthermore, laccases could be used in biopulping, pitch control, deinking, 
and process water treatment, among many other applications (reviewed by Widsten and 
Kandelbauer 2008b). In fact, commercial laccase and laccase-mediator applications e.g. 
for pulp and paper (delignifi cation) and textile industry (bleaching) are already available 
(Morozova et al. 2007b). 
Since specifi c enzyme properties are needed for different applications, molecular 
characterization of new fungal laccases has been in focus. One property often desired 
in industrial processes is enzyme thermotolerance, and some thermotolerant and 
thermostable laccases from basidiomycetes have been described (reviewed by Hildén et 
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al. 2009). The commercial use of laccase mediators is still often hindered by their high 
cost and lack of information on their toxicological safety. Recently, efforts have been 
made to fi nd effi cient naturally occurring and cost-effective laccase mediators, which 
could remove these obstacles (Camarero et al. 2005, 2007). 
The ascomycetous fungal genera Aspergillus and Trichoderma comprise several 
isolates demonstrating excellent protein production and secretion capacity, and are the 
most promising host organisms for the heterologous expression of basidiomycetous 
enzymes, such as the LMEs. Furthermore, the use of fungal hosts has an advantage 
over bacterial systems because fungi perform the correct post-translational modifi cations 
needed for enzyme activity. Although a few studies show successful heterologous 
production of e.g. MnP in ascomycetous hosts, the main problem is the incorporation 
of heme to achieve a reasonable yield of active recombinant peroxidase (Stewart et al. 
1996, Conesa et al. 2000, 2002). 
Heterologous expression of laccases by fi lamentous fungi with increased enzyme 
production levels has been demonstrated in some cases (Record et al. 2002, Kiiskinen 
et al. 2004). Still, the lack of an effi cient heterologous production system for laccases 
at bioreactor scale is constraining more bulky and industrial applications (Couto and 
Toca-Herrera 2007). Fungal laccases with improved catalytic properties and increased 
stability have been achieved by the use of molecular evolution techniques (Hu et al. 
2007, Festa et al. 2008). Future studies will concentrate on improvement of the catalytic 
properties of fungal LMEs by mutagenesis, and to increase the production yield of active 
recombinant enzyme in order to fi t the requirements of large-scale production.
The global demand for the use of renewable materials for production of energy 
and consumables has been expanded. So called biorefi nery concept aims at the co-
production of various value-added end products like biofuels and chemicals in 
advanced biotechnological processes (e.g. enzymatic hydrolysis followed by microbial 
fermentation) from renewable biomass. Forest and agricultural waste lignocelluloses 
form a massive source of renewable biomass that can be used as a feedstock for 
biorefi ning (reviewed by Kamm and Kamm 1994 and Kumar et al. 2008, Foust et 
al. 2008). Since lignin in plant cell walls prevents the effi cient use of cellulose and 
hemicellulose, its removal is a key step for the use of cellulosic biomass. This highlights 
the role of white-rot fungi and their enzymes as environmentally friendly biocatalysts for 
the pretreatment of lignocelluloses (Ruiz-Dueñas and Martínez 2009). 
In addition to the LMEs, other fungal enzymes are biotechnologically promising 
as well. For example, oxalic-acid degrading enzymes like ODC that catalyze highly 
specifi c reactions have several potential and established uses in diverse biotechnological 
applications. One common problem in many industrial processes is the formation 
of oxalate salt deposits which may harmfully clog pipeworks and fi lters. In order to 
prevent formation of calcium oxalate, the so called scaling, fungal ODC has been tested 
for removal of oxalic acid from the bleaching fi ltrates of the pulp and paper factories 
(Nilvebrant et al. 2002, Sjöde et al. 2008). 
Commercial assays are available to use ODC for determination of oxalic acid 
concentrations in clinical and food samples. Excessive excretion of urinary oxalate 
(hyperoxaluria) can lead to the formation of calcium oxalate precipitates which end up 
with the formation of kidney stones. To fi nd the treatment for hyperoxaluria, oral therapy 
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with crystalline cross-linked formulation of ODC has been shown to reduce symptoms in 
experiments with mice (Gruijic et al. 2009). Furthermore, lactic acid bacteria expressing 
heterologous ODC could be used as possible probiotics for depletion of intestinal, dietary 
oxalic acid (Kolandaswamy et al. 2009).
In diverse application studies on fungal ODC, one goal has been the construction 
of odc-expressing transgenic crop plants. Contributing to their reduced content of 
oxalic acid, transgenic plants have proved to be resistant to certain oxalic-acid secreting 
pathogenic fungi. These plants are also less toxic to herbivores, which lack oxalate-
degrading enzymes and thereby are dependent on intestinal bacteria to catabolize the 
dietary oxalic acid (Kesarwani et al. 2000, Dias et al, 2006). 
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2 Objectives of the study
The main focus of this work was the ecologically and biotechnologically interesting 
white-rot fungi Phlebia radiata and Dichomitus squalens. One purpose was to increase 
the molecular-level data on the lignin-modifying enzymes of the well-studied Finnish 
isolate P. radiata FBCC43 (79, ATCC 64658). With the selectively lignin-degrading 
species D. squalens, two distinct strains (Finnish isolate FBCC184 and FBCC312) were 
investigated. 
It was postulated that the use of the natural substrate wood would promote the pro-
duction of enzymes and compounds needed for lignocellulose breakdown. While the 
lignin-modifying enzymes of white-rot fungi have been intensively studied for almost 30 
years, knowledge of the expression of the corresponding genes on wood is at the moment 
limited to the white-rot model fungus Phanerochaete chrysosporium. Therefore there 
was a special interest to deepen the understanding of the expression of lignin-modifying 
enzymes at mRNA level during the growth of P. radiata and D. squalens on wood.
The second main objective was to follow the production of organic acids when 
fungi grow both in liquid medium and on wood. The signifi cance of fungal secreted or-
ganic acids, especially oxalic acid, in biodegradation of lignocellulose is becoming more 
and more noticed. However, regulation of oxalic-acid metabolism is not widely studied 
among wood-decaying fungi, and so far, only a few reports of fungal production of or-
ganic acids on lignocellulose substrates are available. To clarify the occurrence of the 
oxalate-degrading enzyme oxalate decarboxylase (ODC) and its role in white-rot fungi, 
the ODC-producing D. squalens strains were chosen for a more detailed study on ODC 
expression and cloning of the corresponding genes, to facilitate primary protein-level 
characterization and further work on this enzyme.
The specifi c aims of this study were:
To clone and characterize at molecular level the various lignin-peroxidase-encoding 1. 
genes of P. radiata (Publication I).
To fi nd out whether 2. P. radiata harbours more than one laccase-encoding gene, and to 
characterize a new P. radiata laccase at molecular level (Publication II).
To clone and characterize laccase-encoding genes of 3. D. squalens, and to follow their 
expression when the fungus grows on wood.
To follow expression of lignin-modifying-enzyme-encoding genes of 4. P. radiata dur-
ing growth in wood-containing cultures (Publications I and II).
To determine culture conditions for the production of high laccase activity5.  in P. ra-
diata.
To evaluate production of organic acids and oxalate decarboxylase (ODC) activity 6. 
among well wood-decaying white-rot fungi (Publication III).
To characterize ODC of 7. D. squalens at the protein and gene level.
To study the expression of 8. Ds-odc on wood and in liquid cultures in order to clarify 
odc gene regulation at transcriptional level (Publication IV).
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3 Materials and methods
The fungal strains used in this study were obtained from the culture collection situ-
ated at the Department of Applied Chemistry and Microbiology, University of Helsinki, 
Finland, and they are listed in Table 8. The culture collection is from 2008 reorganized 
as Fungal Biotechnology Culture Collection (FBCC, University of Helsinki, Helsinki, 
Finland, fbcc@helsinki.fi ) 
The methods used in this study are summarized in Table 9 and are described in more 
detail in the original publications I-IV and in the chapters 3.1-3.4. 
Table 8. White-rot basidiomycete strains used in this study. Systematic fungal names together 
with their current FBCC identifi er (number) and original numbers and codes in other culture col-
lections are shown.
Fungal strain FBCC number Original strain number Used in publi-
cation no.
Ceriporiopsis subvermispora FBCC314 CZ-3-FPL III
Dichomitus squalens FBCC184 PO114 III, IV
Dichomitus squalens FBCC312 A-670 IV
Haploporus odorus FBCC804 T154 III
Phanerochaete chrysosporium FBCC283 F1767, ATCC 24725 III
Phanerochaete sanguinea FBCC712 T51 III
Phlebia radiata FBCC43 79, ATCC 64658 I, II
Phlebia sp. (Nf b19) FBCC464 DSM 11239; previously 
Nematoloma frowardii b19
III
Phlebiopsis gigantea FBCC719 T55 III
Radulodon erikssonnii FBCC752 T84 III
Trametes ochracea FBCC682 T7 III
Trametes versicolor FBCC298 PRL 572 III
Trametes versicolor FBCC324 R/7, ATCC 44308 III
Trichaptum fuscoviolaceum FBCC691 T21 III
3.1 Cultivation of Phlebia radiata 
In order to promote expression of laccase isozymes, Phlebia radiata FBCC43 was culti-
vated in stationary submerged cultures. Complex peptone-yeast extract (PY) liquid me-
dium (pH 4.5), with total nitrogen concentration of 70 mM, was buffered with succinate 
and contained 0.5% (wt/vol) peptone, 0.2% (wt/vol) yeast extract, and 0.1% (wt/vol) 
glucose (Hildén et al. 2007). The PY medium was supplemented with CuSO4 ranging 
from 25 μM to 3 mM (Fig. 9). Defi ned succinate-buffered (pH 4.5) low glucose (0.1% 
wt/vol) liquid medium with ammonium nitrate and asparagine as nitrogen sources in 
varying concentrations was used (modifi ed from Hatakka and Uusi-Rauva 1983). Low 
nitrogen-asparagine-succinate (LN-LC, total N concentration 2 mM), high nitrogen-
asparagine-succinate (HN-LC, total N concentration 20 mM), and extra high nitrogen-
asparagine-succinate (eHN-LC, total N concentration 70 mM) (Hildén et al. 2007) liquid 
media were prepared and half of the fl asks were supplemented with 1.5 mM CuSO4 
(Fig. 9). In all cases, CuSO4 was added to the cultures on the third day of incubation. 
Mycelial dry weight was determined for submerged cultures after 32 days of cultivation 
(Fig. 10). 
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Semi-solid liquid cultures with the low nitrogen-asparagine-succinate (total N con-
centration 2 mM, pH 4.5) medium were prepared by supplementation of 3 g (dry weight) 
milled alder wood as carbon source (Fig. 11). Fungal culture conditions are described in 
publication II. Total liquid volume was kept at 100 ml in all submerged and semi-solid 
cultures and the fungus was cultivated in three parallel 250-ml conical fl asks at 28°C. 
The activity of LMEs in the extracellular culture liquid was followed spectrophotometri-
cally (assays as described in publications I, II, and III). 
3.2 Purifi cation of P. radiata laccases
Laccases were purifi ed and fractionated from the P. radiata mycelial extracts and con-
centrated culture liquids originating from the semi-solid cultures and liquid PY cultures 
amended with 1.5 mM CuSO4. Preparation of mycelial extracts is described in publica-
tion II. Concentrated mycelial extracts and culture liquids from the semi-solid milled 
alder wood cultures were fractionated with hydrophobic interaction chromatography 
(HIC) (method described in publication II). 
Table 9. Experimental methods used in this study.
Method Described and used in 
Cultivation of fungi 
     liquid cultures
     semi-solid wood cultures
     solid-state wood cultures
I, II, III, IV, chapters 3.1 and 3.3
I, II, chapter 3.3
I, II, III, IV
High performance liquid chromatography (HPLC) III
Capillary zone electrophoresis (CZE) III
Enzyme activity measurements I, II, III, IV
Extraction of mycelial proteins II, III, IV
Fast protein liquid chromatography (FPLC)
    anion exchange chromatography
    chromatofocusing
    hydrophobic interaction chromatography (HIC)
Chapter 3.2
IV
II, chapter 3.2
SDS-PAGE II, IV
Western blotting with immunodetection II, IV
Isoelectric focusing Chapter 3.2
Extraction of DNA and RNA I, II, IV, chapter 3.4
Northern hybridization I, II
Genome walking PCR I, II, IV
Inverse PCR IV, chapter 3.4
RACE-PCR I, II
RT-PCR I, II, IV
Competitive RT-PCR I, II
Real time quantitative RT-PCR IV, chapter 3.4
Cloning 
     pCR2.1 TOPO vector
     pJET1.2/blunt vector
I, II
IV, chapter 3.4
DNA sequencing I, II, IV, chapter 3.4
Phylogenetic sequence analysis I, II, IV, fi g. 8
Protein 3D homology modelling Fig. 15
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Mycelial extracts from the PY liquid cultures were concentrated and dialyzed 
against 10 mM Na-acetate buffer (pH 7.0). The extracts were fi rst prepurifi ed by anion-
exchange chromatography with a Resource Q column (1 ml, Pharmacia Amersham). The 
pooled and concentrated fractions demonstrating laccase activity were further separated 
by using a HiTrap Q FF column (1 ml, Pharmacia Amersham). Proteins were eluted 
from both columns with a stepwise gradient from 10 mM to 1 M Na-acetate in pH 7.0. 
Concentrated PY culture liquid was purifi ed by hydrophobic interaction chromatog-
raphy (HIC) with a Butyl FF column (1 ml, Pharmacia Amersham). The concentrate was 
dialyzed against 10 mM Na-acetate buffer (pH 6.5) and solid (NH4)2SO4 was added to a 
concentration of 1 M. Proteins were eluted with a linear gradient of (NH4)2SO4 from 1 M 
to 0 M in 10 mM Na-acetate buffer (pH 6.5). Prior to further purifi cation with a HiTrap 
Q FF column (1 ml), pooled fractions containing laccase activity were concentrated 
and dialyzed against 10 mM Na-acetate buffer (pH 6.5). Proteins were eluted from the 
column with a stepwise gradient from 0 M to 1 M NaCl in Na-acetate buffer. Protein 
purifi cation and fractionation were performed using the Äkta Explorer apparatus (GE 
Healthcare). Protein elution was followed as absorbance at 280 nm, 405 nm and, 610 
nm. Fractions containing 200 μl - 1 ml were collected. 
To determine the quantity and isoelectric points of the purifi ed laccases, the protein 
samples were concentrated and introduced to 0.5 mm thin 3% acrylamide isoelectric 
focusing (IEF) gels of pH range 2.5-7 using a mixture of ampholytes (Pharmalyte 2.5-5 
and Ampholine 3-10, GE Healthcare) and the Pharmacia Multiphore apparatus. IEF gels 
were run at constant power (25 W) and temperature (+10 ºC) according to the instruc-
tions of the manufacturer (Pharmacia Amersham), and they were activity stained with 
guaiacol to visualize laccases (Hildén et al. 2007).
3.3 Cultivation of Dichomitus squalens
Dichomitus squalens FBCC184 was cultivated as submerged liquid cultures in a Na-
succinate-buffered medium, pH 4.5, containing 0.5% (wt/vol) peptone and 0.2% (wt/
vol) yeast extract supplemented with 2 g (dry weight) of milled spruce (Picea abies) 
wood and 1 g of crushed charcoal. The culture medium was originally adopted for 
Physisporinus rivulosus (Hildén et al. 2007). LME activities in the extracellular culture 
liquid were followed spectrophotometrically (assays described in publications I, II, and 
III). 
3.4 Cloning and expression of D. squalens laccases 
Two laccase-encoding genes, Ds-lac3 and Ds-lac4, were amplifi ed from the extracted 
total DNA of D. squalens FBCC312 with degenerate laccase primers (publication II) and 
inverse PCR (method described in publication IV). The full-length gene fragments were 
amplifi ed from the total DNA and the PCR products were sequenced (Macrogen Ltd., 
Korea), and their translated amino acid sequences were used in phylogenetical analyses. 
Relative amounts of the transcripts of Ds-lac3 and Ds-lac4 genes were determined on 
solid-state spruce wood cultures by adopting real time qRT-PCR (method described in 
publication IV). 
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4 Results and discussion
4.1 Characterization and expression of Phlebia radiata lignin peroxidase 
encoding genes (I) 
Phlebia radiata belongs to the group a few white-rot fungi which are reported to 
produce lignin peroxidase (LiP) (Niku-Paavola et al. 1988, 1990, Hatakka 1994, Lundell 
and Hatakka 1994). Together with P. radiata, Trametes versicolor is the other well-
characterized white-rot basidiomycete that secretes a set of multiple lignin-modifying 
peroxidases (LiPs and MnPs) with concomitant laccase production (Johansson and 
Nyman 1993, Jönsson et al. 1995).
In this study, two new LiP-encoding genes of P. radiata FBCC43, Pr-lip1 and Pr-
lip4, and the genomic fragment (Pr-lip3) for the previously described cDNA (lgp3) 
coding for the LiP3 isozyme (Saloheimo et al. 1989) were cloned and characterized. 
According to the translated amino acid sequences, P. radiata LiPs possess N-terminal 
secretion signal peptides and are synthesized as pre-proenzymes. They show typical LiP 
primary structures with all the essential amino acid residues needed for enzyme structure 
and catalysis. Of the Pr-lip gene protein products, the isozyme Pr-LiP3 has been 
biochemically characterized (Lundell et al. 1993b), and it presents kinetic properties 
similar to the fi rst isolated Phanerochaete chrysosporium LiPH8 enzyme (Tien and 
Kirk 1983). The biochemical properties of Pr-LiP2 have also been described and its 
production has been shown under different culture conditions (Niku-Paavola et al. 1988, 
1990, Lundell and Hatakka 1994, Vares et al. 1995) but the gene encoding this isozyme 
is not yet cloned or characterized. 
The intron-exon organization of the three P. radiata lip genes is highly conserved 
(Fig. 1 in publication I). Pr-lip genes with 11 conserved introns differ from most of the 
cloned lip genes in that they have a higher intron number (Gold and Alic 1993, Cullen 
1997, Martínez 2002). Phylogenetic analyses of translated amino acid sequences indicate 
that the three P. radiata LiPs cluster together with all the other fungal LiP-encoding 
genes so far sequenced (Fig. 3 in publication I) forming a branch very near to the short 
MnP-VP subgroup within the family of fungal class II secretory heme peroxidases 
(Martínez 2002, Hildén et al. 2005, Morgenstern et al. 2008). In addition, Pr-LiPs form 
a fungal species-based sub-branch together with a Bjerkandera adusta LiP. 
All three P. radiata lip genes were expressed both in softwood (spruce) and 
hardwood (alder) containing cultures. However, the Pr-lip genes showed individual 
response to the supplement of extracellular Mn2+ and time-dependent regulation (Figs. 4 
and 5 in publication I). Recent transcriptome and proteome studies on P. chrysosporium 
have further pointed out that LiP, which is capable of oxidizing both phenolic and non-
phenolic lignin substructures, is an essential part of lignin-modifying enzyme (LME) 
machinery of this fungus (Ravalason et al. 2008, Vanden Wymelenberg et al. 2009). 
Furthermore, high expression of three lip genes has been reported for P. chrysosporium 
grown on red oak wood (Sato et al. 2009).  
Addition of a high concentration (480 μM) of soluble Mn2+ to the semi-solid wood 
cultures inhibited expression of the Pr-lip3 gene (Fig. 5 in publication I). LiP3 was 
previously found to be the predominant isozyme in lignocellulose-containing cultures 
of P. radiata (Niku-Paavola et al 1990). However, this isozyme was not identifi ed by 
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IEF within the set of detectable LiPs when P. radiata was grown on wheat straw (Vares 
et al. 1995). The latter may be explained by pI variations caused by the complex solid 
lignocellulose medium.
Supplementation with a 50% lower Mn2+ concentration (240 μM) increased the 
amount of the Pr-lip1 and Pr-lip4 transcripts. It has been shown that LiP production 
and activity was enhanced slightly in liquid cultures of P. radiata amended with Mn2+ of 
similar concentration range (180 μM) (Moilanen et al. 1996). However, suppressed LiP 
production in the presence of 180 μM Mn2+ and malonate has been detected (Moilanen et 
al. 1996). To further elucidate the effect of soluble Mn2+ ions on the transcriptional level, 
the promoter regions of the P. radiata lip genes need to be analyzed for the presence of 
putative regulatory sequences like metal response elements (MREs). 
Composition of the wood species used in fungal cultivations probably affected 
expression of the Pr-lip genes. Previously, disparate production of LiP isozymes by P. 
radiata has been observed in lignocellulose-containing cultures (Niku-Paavola et al. 
1990, Vares et al. 1995). In addition, substrate-dependent expression was noticed for the 
LiP-encoding genes of P. chrysosporium (Broda et al. 1995, Lamar et al. 1995, Bogan 
et al. 1996, Janse et al 1998, Stewart and Cullen 1999). Distinct regulation of lip genes 
of P. radiata supports the view that several LME-encoding genes are needed under 
changing growth conditions as their transcription may be triggered differently (Kersten 
and Cullen 2007). These results confi rm that, similarly with P. chrysosporium, P. radiata 
produces multiple LiP isozymes, which obviously play an important role during the 
decay of wood and other lignocelluloses.
4.2 Characterization and expression of P. radiata laccase-encoding genes (II) 
A new laccase-encoding gene of P. radiata FBCC43, Pr-lac2, was cloned and 
characterized (publication II). Previously, one P. radiata laccase-encoding gene, Pr-lac1, 
and the corresponding protein have been described in detail (Niku-Paavola et al. 1988, 
Saloheimo et al. 1991, Lundell and Hatakka 1994), and a recombinant Phlebia laccase 
protein was expressed using Trichoderma reesei as host organism (Saloheimo and Niku-
Paavola 1991). Expression of the Pr-lac1 and Pr-lac2 transcripts was demonstrated 
during growth of P. radiata FBCC43 on softwood (spruce) and hardwood (alder) (Figs. 
5 and 7 in publication II).
4.2.1 P. radiata Lac1 and Lac2 encoding genes and proteins
The two P. radiata laccase genes have distinct intron-exon structures as has also been 
reported for the multiple laccases of Coprinopsis cinerea (Kilaru et al. 2006) and 
Pleurotus ostreatus (Pezzella et al. 2009). Pr-lac1 and Pr-lac2 carry 9 and 12 introns, 
respectively, sharing 7 conserved introns (Fig. 1 in publication II). Moreover, Pr-lac1 
carries a notably long (582 nt) last exon which in turn is interrupted by 3 introns in the 
Pr-lac2 gene.
Both of the P. radiata laccases have putative N-terminal signal peptides and all 
conserved amino acid residues for copper-binding (Fig. 2 in publication II) within the 
four laccase signature sequences L1-L4 (Kumar et al. 2003). The translated Pr-Lac1 
and Pr-Lac2 amino acid sequences demonstrate a high degree of homology (amino acid 
level identity 66-73%) with other basidiomycete laccases indicative of typical four-
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copper laccase fold and 3D structure (see chapter 1.3.2 in Introduction). An earlier 
study suggested a combination of only two copper atoms and the prosthetic group 
pyrroloquinoline quinone to be the cofactor structure in Phlebia laccase (Karhunen et 
al. 1990b), now depicted the isozyme Pr-Lac1. However, the enzyme shows true laccase 
catalytic activity without e.g. catechol oxidase or tyrosinase side-activities (Niku-
Paavola et al. 1988). 
Non-blue laccases have been previously reported for several wood-decaying 
basidiomycetes, including P. radiata Lac1 during solid-state cultivation on wheat straw 
(Leontievsky et al. 1997). The authors proposed that the yellow colour resulted from 
interfering lignin-derived compounds bound to typical blue laccases. However, the 
presence of several different metal atoms (Cu, Fe, and Zn) in the non-blue derivative 
of P. ostreatus POXA1 (POXA1w, Palmieri et al. 1997) leaves the question open if the 
predicted Pr-Lac2 may accordingly contain other metal atoms in addition to Cu.
Recently, Kaneko et al. (2009) purifi ed an extracellular laccase-like protein with an 
N-terminal amino acid sequence that is highly similar to the putative beginning of the 
mature Pr-Lac2 (Fig. 2 in publication II). The fungal source is reported to be another 
isolate of P. radiata (Kaneko et al. 2009). According to the absorption spectrum, this 
new laccase-like protein seemingly lacks at least the type I copper atom, and thereby 
further studies are needed to determine if the novel protein is a true laccase or another 
type of MCO enzyme.
Updated protein phylogenetic analysis re-demonstrates the distant grouping of Pr-
Lac1 and Pr-Lac2 (Fig. 8), as was already depicted in publication II (Fig. 3 in publication 
II). Multiple laccases of white-rot fungi commonly show divergent phylogeny, which 
might refl ect distinct enzyme properties (Hoegger et al. 2006, Rodríguez et al. 2008). 
Within the evolutionary tree of laccases (Fig. 8) Pr-Lac2 clusters with Pleurotus and 
Laccaria bicolor laccases, and close with P. ostreatus POXA1b, which is probably an 
intracellular or cell wall associated enzyme (Palmieri et al. 2000). P. ostreatus POXA1b 
shows a high pI value (pI 6.9) is also estimated for Pr-Lac2 (calculated pI 5.7, publication 
II). These values are closer to neutral pH than is typical for fungal laccases with pI 
values usually ranging from pH 3 to 4 (reviewed by Baldrian 2006). 
4.2.2 Expression of P. radiata laccase transcripts
There are only a few reports where expression of laccase genes on lignocellulosic 
substrates has been studied, including the litter-decomposing basidiomycete Agaricus 
bisporus (Smith et al. 1998, Ohga et al. 1999), and the white-rot basidiomycetes 
Ceriporiopsis subvermispora (Lobos et al. 1994) and Lentinula edodes (Ohga and Royse 
2001). The two Pr-lac genes were expressed simultaneously on wood cultures, but Pr-
lac1 transcripts were more abundant as judged by RT-PCR (Figs. 4, 5, and 7 in publication 
II). Accordingly, Pr-Lac1 is repeatedly observed as the main laccase isozyme secreted by 
P. radiata when cultivated in liquid medium or on solid lignocellulose substrate (Fig. 12, 
Niku-Paavola et al. 1988, Lundell and Hatakka 1994, Vares et al. 1995). In this respect, 
P. radiata deviates from T. versicolor (and other Trametes species) that generally secretes 
several laccase isozymes (Evans et al. 1985, Baldrian 2006, Hildén et al. 2009). 
 In the present work, evidence of at least two additional laccase-encoding genes of 
P. radiata was detected, both at cDNA and genomic level. This refers to the existence of 
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Figure 8. Minimum evolution neighbor-joining tree of 79 deduced laccase amino acid sequences 
from selected basidiomycetous fungi generated with Mega 4.0 software (Tamura et al. 2007). 
Bootstrap values for the branches were obtained with 1,000 replications. The scale bar represents 
a distance equivalent to 0.1 amino acid substitutions per site. The sequences were retrieved 
with SRS (www.ebi.ac.uk) and their UniProt accessions are shown. The Phlebia radiata and 
Dichomitus squalens laccases are depicted in frames. 
multiple laccase genes also in P. radiata, as has been earlier reported for the white-rot 
basidiomycete genera Pleurotus (Soden and Dobson 2001, Rodríguez et al. 2008, Pezzella 
et al. 2009) and Trametes (Yaver and Golightly 1996, Jönsson et al. 1997, Mansur et al. 
1997, Mikuni and Morohoshi 1997, Cassland and Jönsson 1999, Necochea et al. 2005). 
In addition, expression of a partially processed P. radiata laccase transcript, which 
contains one intron including a stop codon was amplifi ed from submerged and solid-state 
wood cultures of P. radiata (data not shown). Likewise, one intron-containing laccase 
transcript has been detected in Pleurotus ostreatus (Pezzella et al. 2009) and partially 
processed laccase transcripts resulting from altered or incomplete intron splicing have 
been reported for Coprinopsis cinerea (Kilaru et al. 2006) and Cryptococcus neoformans 
(Missall et al. 2005). Three truncated genes with homology to laccases are present in the 
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genome of Laccaria bicolor (Courty et al. 2009) and in Phanerochaete chrysosporium 
partially processed transcripts have been observed for its non-laccase MCO (Larrondo 
et al. 2004).
4.3 Effect of copper and nitrogen supplements on submerged cultures of 
P. radiata 
With the specifi c interest to optimize cultivation conditions for production of P. radiata 
laccase activity, defi ned low glucose (0.1%) asparagine-succinate liquid medium with 
varying inorganic nitrogen (as NH4NO3) concentration was compared with complex 
PY liquid medium which contains a rich source of organic nitrogen (peptone and yeast 
extract). Nitrogen-rich cultures often enhance laccase activities in white-rot fungi 
(Gianfreda et al. 1999), and a complex nitrogen source like peptone is generally required 
for effi cient laccase production (Galhaup et al. 2002, Hess et al. 2002, Hou et al. 2004). 
The effect of addition of copper (Cu2+), as the common inducer of fungal laccases, 
was also studied in the P. radiata FBCC43 cultures. At the same time, the activities of 
ligninolytic peroxidases were followed from the cultivations. As P. radiata obviously 
possesses several laccase genes (chapter 4.2), the second aim was to detect new laccases 
also at protein level. The laccases from P. radiata mycelial extracts and culture liquids 
originating from different culture conditions were partially purifi ed and their isoelectric 
points were determined. 
4.3.1 P. radiata laccase production
Addition of CuSO4 strongly stimulated extracellular laccase activity in the liquid cultures 
of P. radiata (Fig. 9a, c). In the PY cultures, supplementation of 1.5 mM CuSO4 caused 
over 20-fold increase in laccase activity within 14 days of cultivation when compared 
to the cultures without extra addition of copper (Fig. 9a). In comparison to the semi-
solid cultures with milled alder wood (MAW), up to 30-fold higher laccase activity was 
observed (Fig. 11). 
Similarly, 2 mM copper induced laccase transcription and activity in Trametes 
pubescens (Galhaup et al. 2002), and 1 mM copper signifi cantly increased laccase 
activity in the cultures of Trametes trogii (Levin et al. 2002) and Pleurotus ostreatus 
(Baldrian and Gabriel 2002). The optimal concentration of Cu2+ for stimulation of laccase 
production obviously varies greatly between the fungal species, since notably lower 
CuSO4 concentrations, 150-200 μM, already promoted extracellular laccase activity in 
another strain of P. ostreatus (Giardina et al. 1999), and in Coriolopsis rigida (Saparrat 
et al. 2002) and Volvariella volvacea (Chen et al. 2003).
The highest laccase activity peaked after addition of 1.5 mM CuSO4 when P. radiata 
was grown with 2 mM (LN) and 20 mM (HN) additional inorganic nitrogen (Fig. 9c) in 
spite of the moderate amount of fungal mycelium produced under these conditions (Fig. 
10). This indicates that vigorous growth and increase in cell mass does not necessarily 
correlate with elevated production of laccase. However, laccase activity was retained 
longer and was more stable in the PY cultures containing ca 70 mM organic nitrogen 
(Fig. 9a, b) which in turn probably was due to the more extended growth of the fungus 
in this medium. 
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Addition of copper to the PY liquid cultures caused no large decline in the mycelial 
dry weight of P. radiata (Fig. 10). In fact, a slight increase in the mycelial mass was 
observed after supplementation of 0.5 mM and 1 mM CuSO4. The amount of P. radiata 
mycelium in the defi ned liquid cultures amended with 70 mM inorganic nitrogen (eHN) 
was at the same level as in the PY liquid cultures, but addition of 1.5 mM CuSO4 
apparently restricted fungal growth in the former case (Fig. 10) and lower activity of 
laccase was then observed (Fig. 9c). The tolerance to copper varies signifi cantly in 
wood-decaying basidiomycetes, and 2 mM concentration as Cu2+ is reported to be toxic 
to some strains (Sierra-Alvarez et al. 2007).
The two copper centres situated in the active site of laccases play the key role in 
enzyme catalysis. This most probably explains the copper-promoted enhancement and 
stabilization of laccase activity at the protein level, which has been reported e.g. for 
purifi ed laccases from P. ostreatus (Baldrian and Gabriel 2002). In addition, copper often 
induces mRNA levels of laccase-encoding genes in white-rot fungi (Collins and Dobson 
1997, Karahanian et al. 1998, Palmieri et al. 2000, Soden and Dobson 2001, Galhaup et 
al. 2002). 
Recently, the increase of Ceriporiopsis subvermispora laccase transcripts by copper 
was shown to be mediated by an ACE1-like copper-fi st transcription factor (Álvarez et 
al. 2009). Putative ACE elements are present also in the promoter regions of the laccase-
encoding genes lac1 of basidiomycete PM1 (Coll et al. 1993), and lac4 of Pleurotus 
sajor-caju (Soden and Dobson 2003). Revised analysis of promoter regions of the 
Figure 9. Extracellular LME activities secreted by Phlebia radiata FBCC43 in submerged liquid 
cultures. Complex peptone-yeast extract (PY) medium was supplemented with 0 to 3 mM CuSO4 
(A, B). Defi ned liquid medium with varying amounts of inorganic nitrogen was supplementated 
with 0 or 1.5 mM CuSO4 (C, D). LN-LC: low nitrogen (2 mM N), low carbon (0.1% glucose); 
HN-LC: high nitrogen (20 mM N), low carbon; eHN-LC: extra high nitrogen (70 mM N), low 
carbon. Standard deviations represent the variation of the mean activity value obtained from three 
replicate cultivations. 
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Figure 10. Dry weight of the Phlebia radiata FBCC43 mycelia from submerged cultures after 32 
days of cultivation. For culture media and supplements, see legend for Fig. 9. Standard deviations 
represent variation of the mean value of three replicate cultivations. PY, peptone-yeast extract 
liquid medium.
P. radiata FBCC43 Pr-lac1 and Pr-lac2 genes also revealed putative ACE elements 
situated at -462 to -476 bp and -96 to -108 bp upstream from the start codon, respectively. 
Therefore, it is likely that stimulation of laccase activity observed in the various P. 
radiata cultures supplemented with CuSO4 may be achieved at the transcriptional level 
leading to higher amount of enzyme produced.
Figure 11. Extracellular lignin-modifying enzyme activities from semi-solid Phlebia radiata 
FBCC43 cultures. Defi ned low-nitrogen liquid medium was amended with 3 g milled alder wood 
as carbon source. Standard deviations represent the variation of the mean value of three replicate 
cultivations.
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Based on protein purifi cation experiments, P. radiata most often expresses one 
or two laccase isoforms with pI values around 3.5, irrespective of the cultivation 
substrate, that is nutrient rich PY liquid medium or semi-solid, milled wood containing 
cultures (Fig. 12). In addition, similar acidic laccase isoforms were present both in the 
extracellular culture fl uid as well as in the mycelial extracts obtained from these cultures. 
The acidic laccase most probably corresponds to the Pr-Lac1 protein of P. radiata with 
pI 3.4-3.5 (Niku-Paavola et al. 1988, 1990, Lundell and Hatakka 1994). Production of 
several acidic laccase isoforms with slightly different pI values possibly results from 
post-translational protein processing like differential glycosylation, as has been earlier 
reported for P. radiata FBCC43 when cultivated on wheat straw (Vares et al. 1995). 
Accordingly, the transcripts of the Pr-lac1 gene were dominating on solid and semi-solid 
wood cultures (Figs. 4, 5, and 7 in publication II). 
Another possible laccase isozyme with a slightly lower molecular mass (58 kDa) 
than Pr-Lac1 was distinguished in the mycelial extracts of P. radiata obtained from 
semi-solid wood cultures (Fig. 6b in publication II). In addition to Pr-Lac1, a less acidic 
extracellular laccase isoform with pI of 4.9 was detected in the PY liquid culture amended 
with 1.5 mM CuSO4 (Fig. 12). This is the fi rst report of another extracellular laccase than 
Pr-Lac1 demonstrated from the P. radiata FBCC43. Also a faint ladder of several other 
proteins with pI values under 4.9 was present. However, further studies are needed to 
elucidate if one of these additional guaiacol-stained protein bands may correspond to 
the new Pr-Lac2 with calculated molecular mass of 56.5 kDa and calculated pI value of 
5.8. 
Comparable results were reported for Physisporinus rivulosus which secretes 
several laccase isoforms with pI values between 3.5 and 4.8 when cultivated in peptone-
containing liquid medium (Hakala 2007). As with P. radiata, only the most acidic 
isoforms (with pI values under 3.5) showing identical N-terminal amino acid sequences 
are present on wood (Hakala et al. 2005). As a conclusion from the protein purifi cation 
and gene expression studies, the predominant laccase of P. radiata is Pr-Lac1, regardless 
of whether the culture medium contains wood or glucose as carbon source, or a high or 
low concentration of nutrient nitrogen. 
4.3.2 Production of lignin-modifying peroxidases by P. radiata
Addition of Cu2+ to the defi ned and complex liquid cultures of P. radiata caused no 
increase in the extracellular MnP activity, and CuSO4 concentrations over 0.5 mM 
notably decreased the MnP activity (Fig. 9b, d). The stimulative effect of metal cations, 
Figure 12. Zymograms of guaiacol stained isoelectric focusing gels 
showing laccases expressed by Phlebia radiata FBCC43 grown under 
different culture conditions. Culture liquid (lane 1) and mycelial extract 
(lane 2) from semi-solid liquid cultures supplemented with 2 g of milled 
alder wood. Culture liquid (lane 3) and mycelial extract (lane 4) from 
peptone-yeast (PY) liquid cultures supplemented with 1.5 mM CuSO4. 
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especially Mn2+, on MnP expression is well established. Copper has been reported to 
enhance MnP activity in Trametes trogii (Levin et al. 2002) and increase transcription 
of the C. subvermispora MnP-encoding genes through promoter region ACE elements 
(Álvarez et al. 2009). Also other metals (Zn2+, Cd2+, and Ag+) elevate the transcript levels 
of Cs-mnp genes (Manubens et al. 2003). 
In a previous study, addition of Mn2+ caused no obvious induction of the two 
distinct P. radiata mnp genes (Pr-mnp2 and Pr-mnp3) at transcriptional level, although 
putative metal response elements (MREs) were found in their promoter regions (Hildén 
et al. 2005). Moreover, one putative ACE element, situated at -407 to -421 bp upstream 
from the start codon was found after re-analysis of the Pr-mnp2 promoter region (data 
not shown). Explanation for the lack of mnp gene response by Mn2+ or Cu2+ in P. 
radiata may be that the putative transcription factors are dysfunctional, or that other 
metal concentrations than those used in the experiments are required for stimulation of 
transcription. 
Probably due to the more vigorous growth, P. radiata secreted over two times higher 
MnP activity levels in the nutrient rich PY medium than in semi-solid cultures with alder 
sawdust as a carbon source (Figs. 6b and 7). In the defi ned liquid cultures with total 
nitrogen concentration of 70 mM, MnP activity peaked twice, possibly correlating with 
the good growth of the fungus, but remained at lower level than in the PY medium (Fig. 
9d). As with laccase activity, the MnP activity was retained longer in the complex PY 
cultures. 
P. radiata produced no detectable LiP activity in defi ned liquid cultures supplemented 
with various concentrations of nutrient nitrogen. While P. radiata typically secretes LiP 
under nitrogen-limited conditions with glucose as carbon source (Lundell 1993), LiP 
activity has been reported also from similar high nitrogen submerged cultures of P. 
radiata (Hatakka et al. 1987). LiP was secreted in this study on the semi-solid cultures 
of P. radiata with alder sawdust as carbon source (Fig. 11 and Fig. 6a in publication II). 
This notion is supported by earlier reports of P. radiata LiP production on lignocellulosic 
materials (Niku-Paavola et al. 1990, Vares et al. 1995, Lankinen 2004). 
Wood-containing cultures indicated that the highest LiP and MnP activities of P. 
radiata are detected approximately after two weeks of cultivation (Fig. 11). Accordingly, 
intense expression of Pr-lip and Pr-mnp transcripts was shown after two and three 
weeks cultivation on wood cultures (Figs. 4 and 5 in publication I, Fig. 8 in publication 
II). Furthermore, synchronous expression of all the known P. radiata LiP-, MnP-, 
and laccase-encoding genes was shown for the fi rst time on solid-state wood cultures 
indicating the importance of the LME-encoding genes and their enzyme products for the 
wood and lignin-degrading strategy of P. radiata. 
4.4 Laccases of Dichomitus squalens 
To examine the laccase activity produced by D. squalens in wood-containing cultures, 
the fungus was grown in semi-solid liquid medium supplemented with spuce sawdust 
and charcoal. In order to study the D. squalens laccases on molecular level, total DNA 
was extracted and used for the amplifi cation of two laccase genes, Ds-lac3 and Ds-lac4. 
D. squalens was grown on solid state spruce wood cultures and the expression of the 
two D. squalens laccase genes was quantifi ed at mRNA level with real time quantitative 
RT-PCR. 
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4.4.1 Production of laccases by D. squalens
The nitrogen rich PY liquid medium supplemented with both spruce sawdust and 
charcoal promoted extracellular laccase activity of D. squalens FBCC184 (Fig. 13). 
Concomitantly, minor production of MnP was detected. Previously, with different strains 
of D. squalens, contradictory results for the production of laccase and MnP have been 
reported from cultures made in nitrogen-rich media (Arora and Gill 2000, Gill and Arora 
2003, Šušla et al. 2007). 
In sawdust and charcoal-containing PY medium cultures of the selective white-rot 
fungus P. rivulosus, laccase activity was even more vigorously stimulated (Hildén et al. 
2007). Basidiocarps of D. squalens and P. rivulosus are typically found on burned tree 
after forest fi re (Niemelä 2005). Thus, the culture conditions which mimic the natural 
growth environment may in turn explain promotion of laccase activity in the cultures of 
D. squalens.
With several other white-rot fungal species, LME-production increases on 
lignocellulose substrates (Vares et al. 1995, Hofrichter et al. 1999a, Pickard et al. 1999, 
Giardina et al. 2000, Lankinen et al. 2005, Hildén et al. 2007). Also, immobilization of 
white-rot fungi on supporting material, such as polyurethane foam, commonly enhances 
production of LMEs (Rodríquez Couto et al. 2004, Rogalski et al. 2006, Šušla et al. 
2007). 
Recently, with the D. squalens CCBAS750, extracellular laccase activity increased 
in the presence of an inert carrier material, but the inductive effect was signifi cantly 
higher when the fungus was immobilized on pine wood blocks (Šušla et al. 2007). 
Although the specifi c factors are not yet known, these results further emphasize the 
promoting effect of solid woody substrates for white-rot fungal production of laccase. 
Figure 13. Secretion of laccase and MnP in the submerged peptone-yeast extract liquid cultures 
of Dichomitus squalens FBCC184 supplemented with 2 g of spruce sawdust and 1 g of crushed 
charcoal. Standard deviations represent the variation of the mean value of three replicate 
cultivations.
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4.4.2 Laccase-encoding genes of D. squalens
Two laccase genes, Ds-lac3 and Ds-lac4, of D. squalens FBCC312 were amplifi ed from 
total DNA, and cloned and characterized at sequence level. The putative amino acid 
sequences show typical fungal laccase primary structure with conserved copper-binding 
residues in the four laccase signature sequence regions L1-L4 (Fig. 4) (Kumar et al. 
2003). According to the N-terminal amino acid sequences after cleavage of the putative 
5’ secretion leader peptide, these genes seem to encode different laccase isozymes than 
the two previously isolated and characterized from D. squalens (Table 10). The present 
study suggests that there is a laccase multi-gene family in D. squalens. This has been 
reported for several other laccase-expressing basidiomycete species like Coprinopsis 
cinerea (Kilaru et al. 2006) and Pleurotus ostreatus (Pezzella et al. 2009). 
Table 10. Comparison of N-terminal amino acid sequences of Dichomitus squalens laccases. 
Identical amino acids between the proteins are in boldface. 
Fungal strain Protein name Source N-terminal amino acid sequence Reference
D. squalens CBS 
432.34 
Laccases 1 
and 2  
Protein GIGPVTDLTITNADIAPDa1F Périé et al. 
1998
D. squalens 
FBCC312 
Ds-Lac3                gDNA AIGPVTDLTVANANISPDGY2 this work
D. squalens 
FBCC312 
Ds-Lac4                gDNA SIGPVTDLIIANKDISPDGS2 this work
1Lower-case letter indicates preliminary data.
2Sequence determined after removal of putative 5’ secretion signal leader peptide.
The real time qRT-PCR study showed that the Ds-lac3 and Ds-lac4 genes are 
expressed during the growth of D. squalens on solid-state spruce wood cultures (Fig. 14), 
further emphasizing the inductive effect of lignocellulose on the production of laccase 
by this fungus, as was also noted by Šušla et al. (2007). However, the distinct expression 
pattern of D. squalens laccase-encoding genes may implicate different functions for 
the corresponding laccase isozymes, as has been shown with plant laccases (Sato et al. 
2001). 
Figure 14. Amount of Dichomitus 
squalens FBCC312 laccase transcripts 
after three and four weeks of cultivation 
on solid-state spruce wood as determined 
by real time qRT-PCR. Two biological 
replicates were analyzed with three 
parallel PCR reactions. Standard deviation 
of the mean value of the three parallel fold 
differences is depicted. Glyceraldehyde-
3-phosphate dehydrogenase encoding 
gene (Ds-gapdh) transcript was used as a 
reference in normalization. For the 21-day 
sample amplifi cation, Ds-lac4 transcripts 
were not detected. 
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Phylogenetic analysis of the deduced laccase amino acid sequences of 
basidiomycetous fungi shows separated positioning of the two new D. squalens laccases 
which is an indication of their divergent evolution (Fig. 8). Phylogenetic clustering of 
laccases is also proposed to partially correspond with enzyme function (Hoegger et al. 
2006) refl ecting the diverse biochemical roles of laccases among the superfamily of 
MCO enzymes (Hoegger et al. 2006, Morozova et al. 2007a). 
4.5 Production of oxalate decarboxylase and organic acids in wood-
decaying white-rot fungi (III) 
Selected white-rot fungal strains were screened for intracellular oxalate 
decarboxylase (ODC) activity. The inductive effect of oxalic acid on the ODC activity 
was studied by adding oxalic acid to fungal liquid cultures to make 5 mM concentration. 
ODC activity was measured with a spectrophotometric assay from mycelial extracts. The 
production of organic acids by ODC-producing fungi was followed during the fungal 
growth in malt extract liquid medium and on solid-state spruce wood chips. Lignin-
modifying enzyme activities were also measured from the cultures.
4.5.1 Oxalate decarboxylase activity
Intracellular oxalate decarboxylase (ODC) activity was detected for the fi rst time in 
the mycelial extracts of four white-rot fungal strains representing different species, 
i.e. Dichomitus squalens FBCC184, Phanerochaete sanguinea FBCC712, Trametes 
ochracea FBCC682, and Trametes versicolor FBCC324 (Table 1 in publication III). 
P. sanguinea FBCC712 and D. squalens FBCC184 showed constitutive ODC activity 
irrespective of supplementation of oxalic acid to the culture liquid. This corresponds to 
the observations made with Ceriporiopsis subvermispora (Watanabe et al. 2005). The 
highest response in ODC activity after exposure to 5 mM oxalic acid was measured from 
the mycelial extracts of D. squalens FBCC184 and it was six-fold as compared to the 
non-induced cultures. 
With the spectrophotometric assay method used in the experiments, ODC activity 
was not observed in Phlebia radiata FBCC43, Phanerochaete chrysosporium FBCC283 
(F1767) or T. versicolor FBCC298 (PRL 572). However, in the whole genome sequence 
of P. chrysosporium strain RP78, derived from the dicaryotic strain BKM-F-1767, up 
to seven putative ODC-encoding genes have been annotated (http://genome.jgi-psf.
org/Phchr1/ Phchr1.home.html) and the fungus was shown to express ODC protein 
during growth on beech wood (Sato et al. 2007). On the other hand, ODC activity was 
demonstrated from another species of the genus Phanerochate, P. sanguinea (publication 
III). With an HPLC method, ODC activity has been detected from the mycelial extracts 
and culture liquid of T. versicolor strain 28A (Dutton et al. 1994). Recently, with 
comparable spectrophotometric assay as used in this work, ODC activity was observed 
from the washed mycelium of T. versicolor strain PRL 572 (Zhu and Hong 2009). In this 
work another strain of T. versicolor, FBCC682 (R/7), showed ODC activity (publication 
III). The currently available whole genome sequence data of wood- and soil-inhabiting 
and symbiotic basidiomycetes support the prevalence of ODC (Table 4). This indicates 
that either the culture conditions or oxalic acid stimulation used in the present study 
were not suitable to promote ODC activity in many of the fungi.
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The ODCs of different fungal species studied so far are also differentially 
upregulated. Low pH induces ODC activity in the basidiomycetes Flammulina 
velutipes (Mehta and Datta 1991) and Agaricus bisporus (Kathiara et al. 2000), and 
in the ascomycetes Sclerotinia sclerotiorum (Magro et al. 1988) and Aspergillus niger 
(Emiliani and Bekes 1964). In the white-rot basidiomycete T. versicolor (strains 28A and 
PRL 572) the increase in ODC activity may as well be due to decrease in environmental 
pH since amendment of the growth media by addition of oxalic or inorganic acids 
promoted ODC activity (Dutton et al. 1994, Zhu and Hong 2009). 
In the brown-rot fungus Postia placenta the low pH levels caused no increase in 
ODC activity (Micales 1997). While P. placenta produces very low levels of the enzyme 
constitutively, the addition of high (over 100 mM) concentrations of oxalic acid to the 
culture medium enhanced ODC activity suggesting specifi c induction (Micales 1997). 
In the study with D. squalens (this work), the effect of pH on ODC activity cannot be 
ruled out as addition of oxalic acid also caused acidity and decreased pH values in liquid 
cultures (Fig. 1b in publication IV). These results confi rm that conditions which promote 
ODC activity vary signifi cantly between fungal species and even between strains of the 
same species.
 
4.5.2 Secretion of organic acids
The four fungi with noticeable ODC activity, Dichomitus squalens FBCC184, Trametes 
ochracea FBCC682, Trametes versicolor FBCC324, and Phanerochaete sanguinea 
FBCC712, were cultivated in malt extract liquid medium and on solid-state spruce wood 
chips in order to follow their production of organic acids. In the submerged cultures, 
millimolar concentrations of oxalic acid were secreted by all four fungi after one-week 
of incubation (Fig. 1 in publication III). This is comparable with the amounts of oxalic 
acid detected in liquid cultures of other white-rot fungi (Espejo and Agosin 1991, Dutton 
et al. 1993, Galkin et al. 1998). 
The lowest concentration of oxalic acid, 0.55 mM, was detected with D. squalens 
FBCC184 and the oxalic acid disappeared from the submerged cultures after 17 days of 
growth (publication III). Simultaneously, this fungus produced the highest ODC activity 
levels. Another strain of D. squalens, CSIC 361.11, has been shown to accumulate up 
to 15.7 mM of oxalic acid in defi ned liquid cultures with 1% glucose as carbon source 
(Sierra-Alvarez 2007). Furthermore, this isolate tolerated even 8 mM Cu2+ in the culture 
liquid. As oxalate effi ciently chelates toxic metal cations into insoluble salt compounds 
(Sayer and Gadd 1997, Jarosz-Wilkolazka and Graz 2006), the high capacity of oxalic 
acid production of the D. squalens CSIC 361.11 is probably connected with its tolerance 
of elevated metal concentrations.
In addition to oxalic acid, formic and glyoxylic acids were detected in the submerged 
cultures of D. squalens FBCC184 (publication III). Glyoxylic acid was present in 
the most abundant quantities (Fig. 2 in publication III). Accordingly, Ceriporiopsis 
subvermispora has been reported to secrete oxalic and glyoxylic acid in submerged 
cultures with chemically defi ned medium (Urzúa et al. 1998). In the present study 
small concentrations of formic acid were detected also in the cultures of T. ochracea 
FBCC682, T. versicolor FBCC324, and P. sanguinea FBCC712 after addition of 5 mM 
oxalic acid (Table 2 in publication III) as an evidence of ODC activity. 
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Oxalic acid was the only organic acid secreted on spruce wood with all the four 
ODC-producing fungi studied (Fig. 3 in publication III). Similarly, oxalic acid was 
the only organic acid detected in the spruce wood cultures of Physisporinus rivulosus 
(Hakala et al. 2005), while its taxonomically close relative, C. subvermispora secretes 
mainly oxalic, but also malic, malonic, and tartaric acids during growth on pine wood 
chips (Aguiar et al. 2006). 
In the spruce wood chip cultures of D. squalens, MnP activity increased with the 
decrease in the pH values while oxalic acid accumulated. This is as well consistent with 
the results of P. rivulosus cultivated on wood (Hakala et al. 2005). On the contrary, 
in wood-containing cultures of C. subvermispora, decrease in accumulation of oxalic 
acid has been correlated with high MnP activity suggesting MnP-promoted oxidation 
of oxalic acid leading to the formation of H2O2 (Urzúa et al. 1998, Aguiar et al. 2006). 
In addition, in the wheat straw cultures of Phlebia sp. Nf b19, former Nematoloma 
frowardii b19 (Hildén et al. 2008), the MnP-catalyzed decomposition of fungal-produced 
oxalic, malic, and fumaric acids has been suggested to enhance MnP activity (Hofrichter 
et al. 1999a). These results support the important role of oxalic acid in particular for 
MnP-catalyzed degradation of lignocellulose and lignin.
4.6 Oxalate decarboxylase of D. squalens (IV) 
The white-rot fungus D. squalens FBCC184 readily showed high response in mycelial 
ODC activity upon exposure to oxalic acid (publication III), and thus proved to be the 
most suitable fungus to study ODC at the protein and gene level. Ds-ODC protein was 
partially purifi ed from mycelial extracts obtained from submerged cultures of the two 
strains of D. squalens (FBCC184 and FBCC312) (publication IV). One novel Ds-odc 
gene was amplifi ed and cloned from cDNA (strain FBCC312) and total DNA (both 
strains), and characterized in detail. Effect of oxalic acid concentrations on ODC activity 
and gene expression was followed in submerged cultures, and the amount of Ds-odc 
transcripts was quantifi ed from spruce wood after the solid-state growth of D. squalens 
FBCC312.
4.6.1 Characteristics of D. squalens oxalate decarboxylase
The partially purifi ed ODC protein from D. squalens FBCC184 and FBCC312 was 
detected as two isozymes with pI values of 4.2-4.25 and 2.6, and a molecular mass of 
52-55 kDa, which most probably corresponds to one monomeric ODC bicupin subunit 
(Fig. 2 in publication IV). Comparably, the molecular mass of the few other so far 
characterized basidiomycetous ODC monomers varies from about 50 to over 60 kDa, 
and the protein typically shows two acidic isoforms (Mehta and Datta 1991, Dutton et 
al. 1994, Kathiara et al. 2000, Sato et al. 2007).
For the fi rst time, an odc gene of a white-rotting polypore species, D. squalens, 
was cloned and characterized in detail from genomic DNA and cDNA (Publication IV). 
Interestingly, the Ds-ODC shows a unique primary structure with the longest polypeptide 
(493 aa) for any ODC enzyme characterized so far. Furthermore, it possesses a novel 
N-terminal alanine-serine-rich region with a length of approximately 60 amino acid 
residues (Fig. 5 in publication IV). A similar but shorter N-terminal stretch is present 
within the putative amino acid sequence of Trametes versicolor ODC and one of the 
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Phanerochaete chrysosporium ODCs. The function of this region is presently not 
known. 
The amino acid sequence of Ds-ODC has a typical bicupin domain structure, 
which is also depicted in the 3D homology model (Fig. 15). The Ds-ODC carries all 
the conserved histidine and glutamate residues needed for Mn2+-binding (Fig. 4 in 
publication IV). Furthermore, the Ds-ODC sequence contains the pentapeptide loop, 
which apparently comprises the so-called lid structure controlling enzyme activity, and a 
glutamate residue (corresponding to Glu-162 in B. subtilis OxdC), which defi nes enzyme 
specifi city (Burrell et al. 2007). 
Previously, bacterial and fungal ODCs clustered into one functional group and 
formed a monophyletic clade when shorter stretches of the conserved regions of selected 
cupin superfamily proteins instead of full-length amino acid sequences were analyzed 
(Khuri et al. 2001). In the phylogenetic analysis of translated full-length ORF sequences 
of ODC and oxalate oxidase (OXO), an indication of the diverse ODC enzyme family 
was obtained in this study (Fig. 6 in publication IV). As expected, Ds-ODC clustered 
with the basidiomycetous ODCs, and was clearly separated from the ascomycetous and 
bacterial proteins. 
Two out of the seven putative ODC-encoding gene sequences that are present in the 
haploid P. chrysosporium whole genome sequence are separated from the other fungal 
Figure 15. A) 3D homology model of the monomeric Dichomitus squalens oxalate decarboxylase 
(Ds-ODC) bicupin subunit. Protein model was created in SWISS-MODEL Workspace (http://
swissmodel.expasy.org/workspace/index.php) (Arnold et al. 2006) against B) 3D crystal structure 
model of Bacillus subtilis OxdC monomer. Reprinted from Anand et al. (2002) with permission 
from American Chemical Society. Homology between the amino acid sequences is 51%. N- and 
C-termina of the protein subunits are shown. The upper and lower cupin subunits are depicted in 
different colouring (A). Purple spheres depict Mn2+ ions (B). 
Results and discussion
54
sequences leaving the true identity of these predicted proteins still open. As has been 
proposed earlier (Escutia et al. 2005), the C. subvermispora OXO with a conserved 
bicupin core structure showed close evolutionary relationship with the basidiomycete 
ODCs, whereas the monocupin OXO from wheat (Triticum aestivum) with a shorter 
translated protein sequence formed a clearly distinct outgroup in the neighbour-joining 
tree (Fig. 6 in publication IV).
4.6.2 Activity and expression of D. squalens oxalate decarboxylase
Notable induction of ODC activity in the submerged cultures of D. squalens FBCC184 
was demonstrated after addition of 5 mM oxalic acid, which simultaneously lowered 
the extracellular pH (Table 1 in publication III, Fig. 1 in publication IV). Most of the 
ODC activity was detected in mycelial extracts obtained from both non-induced and 
oxalic-acid amended cultures, thus supporting the mainly intracellular localization of D. 
squalens ODC. The major part of the detected ODC activity was present in the mycelial 
extracts of Trametes versicolor, while a minor amount was secreted to the fungal cell 
wall or extracellular polysaccharide layers (Dutton et al. 1994). Furthermore, the primary 
location of the Agaricus bisporus ODC protein has been reported to be intracellular 
(Kathiara et al. 2000). 
Extracellular ODC protein was recently detected in solid wood cultures of 
Phanerochaete chrysosporium (Sato et al. 2007). The brown-rot fungus Postia placenta 
produces some extracellular as well as intracellular ODC activity, while the highest 
activity is associated to the surface of the fungal hyphae (Micales 1997). Accordingly, 
the translated amino acid sequences of ODCs from D. squalens, T. versicolor, and two 
of the seven putative ODCs of P. chrysosporium (Fig. 5 in publication IV), and all 
the predicted ODCs of P. placenta (Martinez et al. 2009) possess putative N-terminal 
secretion signal peptides. It has been suggested that fungal ODC is exported from the 
fungal cells at specifi c times of growth instead of continuously, due to the observation 
that ODC proteins were localized in intracellular vesicles close to the plasma membrane 
(Dutton et al. 1994, Kathiara et al. 2000). 
Quantifi cation of the Ds-odc gene expression by qRT-PCR succeeded after three 
and four weeks of cultivation of D. squalens on spruce wood (Fig. 8a in publication IV). 
The transcript of one putative odc of P. placenta was present in cultures on cellulose 
medium (Martinez et al. 2009). Previously, ODC protein has been reported from the 
beech wood cultures of T. versicolor after four weeks of growth (Dutton et al. 1994), and 
from the lignocellulosic straw compost cultures of A. bisporus (Kathiara et al. 2000). 
Furthermore, extracellular ODC protein was detected by a proteomic approach after 
cultivation of P. chrysosporium on red oak wood (Sato et al. 2007). 
In accordance with the Ds-odc expression, D. squalens secreted detectable 
amounts of oxalic acid after three and four week cultivation on spruce wood (Fig. 3a 
in publication III). The amount of Ds-odc transcripts detected from wood declined after 
four weeks concurrently with the decrease in oxalic acid concentration. Surprisingly, 
supplementation of excess oxalic acid caused no upregulation of Ds-odc at the 
transcriptional level in the submerged cultures since the highest relative transcript 
quantity was detected without supplementation of oxalic acid, when the extracellular 
pH value was 4.4 (Fig. 8 in publication IV). Addition of 5 mM oxalic acid dropped the 
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extracellular pH to 2.7 but no increase in the amount of Ds-odc transcripts was observed. 
On the contrary, in F. velutipes low pH (3.0) induces odc expression at the transcriptional 
level (Azam et al. 2002). In fact, a protein complex that binds specifi cally to a low pH 
responsive element in the promoter region of the Flammulina velutipes odc gene has 
been identifi ed (Azam et al. 2002). A similar element is absent in the predicted promoter 
region sequence upstream of the D. squalens odc gene (Fig. 4 in publication IV). 
The increase in D. squalens ODC activity observed after supplementation of oxalic 
acid may also be a result of protein level activation caused either un-specifi cally by 
increased acidity, or specifi cally by oxalic acid, as has been proposed for the ODC of P. 
placenta (Micales 1997). It is possible that D. squalens has several ODC-encoding genes 
considering the recent whole genome sequence data of other basidiomycetous species 
(Table 4). Therefore it is also likely that the observed promotion of ODC activity may be 
a consequence of upregulation of other, yet uncharacterized odc gene(s) of D. squalens.
In Ceriporiopsis subvermispora, the sequential action of ODC and the catabolic 
enzyme formate dehydrogenase (FDH) has been suggested leading to the complete 
conversion of oxalic acid to CO2 (Watanabe et al. 2005). The simultaneously formed 
NADH may in turn serve as an electron source for ATP synthesis during fungal 
vegetative growth. In addition to C. subvermispora, FDH activity or the corresponding 
fdh gene has been detected in several other ODC-possessing white-rot fungi such as 
F. velutipes, P. chrysosporium, T. versicolor, Schizophyllum commune, and P. placenta 
(Watanabe et al. 2005, Martinez et al. 2009), thus suggesting a common physiological 
relationship between ODC and FDH.
Interestingly, C. subvermispora is the fi rst fungus in which both ODC and oxalate 
oxidase (OXO) activities have been detected. While ODC and FDH activities were 
found during the fungal vegetative growth, H2O2-producing OXO activity appeared at 
later stage of cultivation, thereby suggesting a specifi c function for OXO in secondary 
metabolism and e.g. lignin degradation (Aguilar et al. 1999, Watanabe et al. 2005). The 
occurrence of OXO in white-rot fungi needs to be further investigated since the enzyme 
has so far been described only in C. subvermispora and Abortiporus biennis (Aguilar et 
al. 1999, Grąz et al. 2009). 
Detection of the Ds-odc transcripts in marked amounts in submerged liquid and 
solid-state wood cultures suggests constitutive expression of the gene, thus pointing 
to general metabolic role of the corresponding Ds-ODC enzyme, most probably to be 
involved in energy production and growth. Studies with different white- and brown-rot 
fungal species are necessary to address these hypotheses, and to clarify the roles of the 
different kinds of oxalic-acid decomposing enzymes in wood-degrading fungi. 
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5 Summary and conclusions
This thesis describes the genes coding for the lignin-modifying enzymes of the well-
studied white-rot fungus Phlebia radiata FBCC43 (79, ATCC 64658) and their 
expression in wood-based media. The secretion of organic acids and the prevalence of 
the oxalic-acid degrading enzyme oxalate decarboxylase (ODC) in white-rot fungi were 
determined. The knowledge of fungal ODCs was further advanced by a molecular study 
of the Dichomitus squalens ODC. The main fi ndings and conclusions obtained in this 
work were:
Two new 1. P. radiata LiP-encoding genes (Pr-lip1 and Pr-lip4) and one gene 
previously studied at cDNA level (Pr-lip3) were cloned and characterized. 
According to protein phylogenetic analysis, P. radiata has multiple lip genes 
encoding evolutionarily very closely related LiP enzymes.
A new laccase-encoding gene of 2. P. radiata (Pr-lac2) was cloned and characterized, 
and evidence of additional laccase genes in the fungus was obtained. The two P. 
radiata laccases characterized at present demonstrate distinct gene structure 
and protein phylogeny, thus indicating different physiological functions for the 
enzymes. 
Wood promoted expression of all the presently known 3. P. radiata LME-encoding 
genes, including the three LiPs, two divergent MnPs, and the two laccases, as 
judged by transcript-level analyses. Expression of individual LiP- and laccase-
encoding genes on wood was variable and apparently time-dependent.
P. radiata4.  laccase activity was signifi cantly increased with supplementation of 
excess Cu2+ ions. The complex peptone-yeast extract medium rich with organic 
nitrogen supported fungal growth and laccase production as well, with the evidence 
of an additional extracellular laccase isoform of P. radiata. 
Cloning and molecular characterization of two laccase-encoding genes from 5. 
D. squalens was shown for the fi rst time. The two Ds-lac genes, which encode 
evolutionary distinct proteins, were differently expressed when the fungus grew 
on wood. 
ODC-activity was demonstrated for the fi rst time in the mycelial extracts of four 6. 
strains of wood-decaying white-rot fungi. 
Oxalic acid was the most common organic acid secreted by the ODC-positive 7. 
white-rot fungi. Especially with regard to the D. squalens wood cultures, the 
occurrence of MnP activity suggests the importance of oxalic acid in MnP-
catalyzed degradation of wood and lignin.
A new ODC-encoding gene (8. Ds-odc) was cloned from two strains of D. squalens, 
demonstrating the fi rst characterization of an odc gene in a white-rot polypore. 
Expression of Ds-odc suggests a constitutive metabolic role for the corresponding 
Ds-ODC. 
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The biochemical properties and the amino acid sequence of the Ds-ODC resemble 9. 
those described for other basidiomycetous ODCs, but the translated protein 
comprises a novel N-terminal primary structure with unknown function. 
The results obtained in this study refer to complex regulation of multiple LME-encoding 
genes during the growth of white-rot fungi on wood, their natural lignocellulosic 
substrate. The data obtained with two different species of wood-decaying, white-rot 
basidiomycetes emphasizes the importance of individual genes and specifi c functions 
of the corresponding protein products, which are probably needed at diverse phases of 
fungal growth and wood decay. The role of oxalic acid as an important and commonly 
secreted metabolite on fungal wood cultures was supported by the results of this study. 
The oxalic-acid decomposing enzyme ODC seems to be important during the primary 
growth of white-rot fungi, and as has been proposed, the enzyme may even play a role in 
concomitant production of ATP. Overall, the organic acid metabolism is closely linked 
to the lignocellulose-degrading machinery of white-rot fungi with further emphasis on 
fungal growth and energy metabolism. In Fig. 16 the intra- and extracellular reactions as 
a combination of the action of the white-rot fungal LMEs and the enzymes involved in 
organic acid metabolism are summarized.
In future, to complement the whole array and functions of lignin-modifying enzymes 
of P. radiata and D. squalens, characterization of new genes and their protein products, 
and extracellular metabolites is required. Eventually, whole genome sequencing followed 
by transcriptome and proteome studies will evaluate the signifi cance of fungal LMEs in 
biological decomposition of wood. In order to clarify the roles of fungal produced oxalic 
acid during the decay process, it is necessary to study the prevalence and regulation 
of oxalic-acid converting enzymes (ODC, OXO, FDH) in several wood-decomposing 
fungal species. The next phase towards biotechnological applications on fungal ODCs is 
to clarify protein 3D structure and catalytical properties.
Figure 16. Proposed intra- and extracellular reactions of the lignin-modifying and oxalic-acid 
converting enzymes generally occurring in the lignin-degrading white-rot basidiomycetes. The 
scheme is illustrated according to Watanabe et al. (2005), Munir et al. (2001a), and original data 
obtained in this study.
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